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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang”’ 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelliny and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends jor figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
: f name of the institution or laboratory of origin. 


8. Title 


. The title should be as short as is consistent with clarity; in most instances two 
_ printed lines are adequate to give a clear indication of the subject matter of the 
_} paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 
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4. Organization of M anuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 

_ the text should be indicated. 

f (a) The introduction should state the purpose of the investigation and its rela- 

_ tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.”” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with,.an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 


¢ 
¥. 
y? 
2, 
Ree 
‘4 
an 
wed 
Ls 
Pia 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 3 


Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


| 7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the ~ 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 43 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, ®, 0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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they'll be clean as a whistle... in 3 minutes! 


It's the patented Technicon syphon-cycle that does it. Twice every 
inute, seven fresh gallons of water are surged through the 
ipettes, loosening and dislodging clinging residues. Wastes are 
erally swept out by the violent suction set up during the brisk 
-second emptying phase of the cycle. 
So rapid, so thorough is the Technicon Washer that six flushing 
les will deliver a full basket-load of immaculately clean pipettes 
holds up to 200 pipettes, 1 ml, 18” long). The non-corroding 
uinless steel basket carries its load of pipettes without changing 
rough cleansing, washing and drying. Practically eliminates break- 
ye and chippage because it requires no individual handling, no 
ifting from container to container. A MUST for the busy labora- 
. Ask for Bulletin 6150 giving particulars. 


* Icon 


automatic pipette washer 


TECHNICON COMPANY, 215 EAST 149th ST., NEW YORK 51, N. Y. 
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aloe 
constant temperature 
bath 


Provides exact control in Prothrombin and Diastase fests 


Aloe constant temperature bath provides a convenient and 
dependable unit for the exact determination for the prothrombin 
time of blood, for diastase in blood and urine, and for routine 
work. The outstanding features of this bath are its uniformity 
of temperature and its provisions for manipulating the specimen 
and controls. A central panel, which clamps on the side of the 
bath, carries all controls in one compact unit. This casting sup- 
ports the thermoregulator, control box, temperature dial, heating 
element, and stirrer. Temperature range, +30° to +60° C; sen- 
sitivity, +0.3° C. The test tube rack holds 9 tubes up to j% 
inches diameter. Jar is of Pyrex glass. In use, its clear glass wall 
enables the technician to observe the changes taking place in the 
test. Precise end point of prothrombin time test is accurately 
checked by timer. A foot switch is also available, freeing hands. 


JL84114—Aloe Constant Temperature Bath, as described, with 
controls but without timer or foot switch. Over-all size, 11'4 
inches diameter by 153, inches high. For 115 volts A. C., 


aloe sciemtfific¢ of meas. ALOE COMPANY 


5655 Kingsbury ¢ St. Lovis 12, Missouri 


6 
_ 
| 
| 
° 
JL29880—Electric Timer, for 115 volts, 60 Cy. A. C., ‘ 
8.00 
JL84116—Foot Switch, with plug, each........... 
fon" 


_ for the procedures of 
WARBURG, 
SUMMERSON, 
BARCROFT, 
DIXON-KEILIN, 
DICKENS, 
DICKENS-SIMER, 
GREVILLE, 
DIXON-ELLIOTT, 
ETC. 


*This is just one of 
over 15,000 items in 
the Cenco line. 
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The 


MANOMETRICON 


This unit is designed for use in numerous procedures such 
as measuring blood gases and investigating reactions of 
hemoglobin; measuring respiratory exchange in yeast, 
bacteria, spores, etc.; measuring lactic acid production in 
normal and tumorous tissues; and many others. 

The Manometricon is an especially compact machine and 
is designed for simple operation and accurate results. Con- 
trols and mechanical action are easily adjusted and con- 
struction is exceptionally sturdy. A constant temperature 
bath of 25 gallons is provided having a temperature range 
from 21° to 60° C. The unit accommodates 20 standard 
Warburg manometers or 10 Summerson differential 
manometers. 

A refrigeration unit is also available providing a tem- 

rature range of 10° C. to 50° C., plus or minus 0.05° C. 

his unit is housed in a cabinet which forms a base for 
the Manometricon. 

Write for illustrated bulletin containing full details. 


CENTRAL SCIENTIFIC COMPANY 


1700 IRVING PARK ROAD e CHICAGO 13, ILLINOIS 
CHICAGO NEWARK BOSTON WASHINGTON DETROIT SAN FRANCISCO 
SANTA CLARA LOS ANGELES TORONTO MONTREAL VANCOUVER OTTAWA 


Refinery Supply Company Tulsa @ Houston 
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Rapid, Accurate Colorimetric Analyses with the. VEYA 


electrophotometer 


The Fisher CLINICAL Electrophotometer is a colorimetric instrument for the rapid and 
accurate quantitative determination of constituents of biological fluids. It is the essential 
instrument for chemical and biochemical colorimetric analyses. 


This brand new instrument was developed around the successful background of the Fisher 
Electrophotometer, the widely accepted instrument for colorimetry in the chemical ae. 


It is line-operated (no batteries required) and uses a balanced 
circuit which compensates for line voltage fluctuations and 
other variables. 


It is extremely versatile and very simple and convenient to 
operate. A very complete manual is included with the CLINICAL 
Electrophotometer which provides easy-to-follow instructions 
for operation of the instrument, a wide variety of methods, and 
lists of solutions and apparatus required for each method 
described. 


SEND FOR ADDITIONAL INFORMATION 
Complete stocks of laboratory instruments, apporatus, rea is, and furniture of PITTS- 
BURGH, 717 Forbes St., (19)—-NEW YORK, 635 Greenwich S., hy wey LOUIS, 2850 S. Jefferson 


Ave., (18)—WASHINGTON, 7722 Woodbury Drive, Silver Spring, Md. —MONTREAL, 904 S?. James, 
P.Q., Caonada—TORONTO, 245 Carlaw (8), P.O. Canoda. Write for complete information. 


FISHER arp SCIENTIFIC 


America’s Largest Manutacturer-Distributor of Laboratory Appliances ond Reagent Chemicals 


J * 
which contain the blank solution and the 
sample. After platform is moved inv 
the compartment, the lid is closed 
J 
Sliding platform permits positive pos 
tioning of the cells. 
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Permanent Filler in Kimble Thermometers 


defies chemical attack 


Oo BO oo 


Room Temp. (25°-30°C.) 
Room Temp. (25°-30°C.) 


9 | 
| 
|| 
e 
| 
and — 
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>ntial 
isher El ' Effects of Exposure 
i4 Temperature of on Fitler 
if Exposure Liquid Vapor 
ra Glacial Acetic Acid 100°C. 1265 
= 20.24% Hydrochloric Acid 100°C. 1265 
* Nitric Acid Concentrated 100°C. 1265 
Sulphuric Acid 100°C. 1265 
Cleaning Solution 100°C. 1265 
(H2S0,-Dichromate) 
 Fuming Sulphuric Acid 1265 
and the 
ed ine Toluene Boiling (111°C) 306 
Varsol Boiling (165°C.) 306 
Turpentine Boiling (150°C.) 306 
Carbon Tetrachloride Boiling (77°C) 306 
fof Methyl Ethyl Ketone Boiling (80°C.) 306 
Iso-amyl Acetate Boiling (142°C.) 306 
Subsidiary of Owens-Illinois Glass Company 
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A. H. T. CO. MODEL H-1 


ANALYTICAL BALANCE 


A dependable, low priced Balance, of simple and durable construction 


ANALYTICAL BALANCE, A. H. T. Co. Model H-1. An improved ex- 
ecution of a time-tested, simplified design without drawer in base, intended 
for use in quantitative analysis. Especial attention has been given to the 
design so that erecting and cleaning can be accomplished quickly and with 
minimum danger of damage to delicate parts. 


Sensitivity—1/10 mg with full load. 

Capacity—200 grams in each pan. 

Case—Of mahogany, with counterpoised front —e rorya’ level and leveling screws, without 
drawer in base. Overall dimensions 164% x 16 x 9% inches. 


Beam—Of hardened aluminum, 6 inches long, with oxidized black finish. Graduated in white on 
both sides of central knife edge from 0 to 5 mg in 1/10 mg divisions. 


Knife Edges and Planes—Of agate throughout. 
Pans—Of Duralumin, 2'4 inches diameter. 
Arches—-Of Duralumin, height 714 inches, spread 4 inches. 


1812. Balance, Analytical, A. H. T. Co. Model H-1, as above described with 
two 5 mg aluminum riders but without weights $99.00 
5% discount in lots of 6; 10% discount in lots of 12 or more. 


ARTHUR H. THOMAS COMPANY 


LABORATORY APPARATUS AND REAGENTS 
WEST WASHINGTON SQUARE 
PHILADELPHIA 5, PA. 

Teletype Services: Western Union WUX and Bell System PH-72 
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AMINO ACID CONCENTRATION BY A FREE CELL 
NEOPLASM: RELATIONS AMONG AMINO ACIDS* 


By HALVOR N. CHRISTENSEN, THOMAS R. RIGGS, 
HERBERT FISCHER,t ann IRENE M. PALATINE 


(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, March 17, 1952) 


The free cells of the Ehrlich mouse ascites tumor show the strongest 
activity for the concentrative uptake of amino acids which has so far been 
observed in vitro for a tissue of mammalian origin (1). The present com- 
munication reports a detailed study of the inhibitory and stimulatory 
effects existing among the amino acids. The nature of the effects, whether 
inhibitory or stimulatory, depended mainly on the electrical charge upon 
the amino acids concerned. The accumulation of a wide variety of amino 
acids, natural and unnatural, in the p as well as the L configuration, was 
observed in the course of study. Particularly strong accumulation of di- 
amino acids was noted. 


EXPERIMENTAL 


Cells were collected immediately before study. In most instances they 
were shaken in Krebs’ Ringer-bicarbonate medium. The ratio of extra- 
cellular to cellular water was usually between 5 and 7. The atmosphere 
was 95 per cent oxygen-5 per cent carbon dioxide, and the temperature 
37.5° + 0.5°. The amino acid under study was added at a.2 to 10 mm 


concentration, the interfering amino acid usually at 5 times as high a level. 


Except where indicated the L isomers of the optically active amino acids 
were used. Other technical details have been described (1). Methods 
for investigating the distribution of the amino acids which have not been 
discussed before (1) were as follows: 

1. Proline and hydroxyproline were measured in picric acid extracts 
(after 6 hours of acid hydrolysis to release conjugated amino acids) by 
the method of Hamilton and Ortiz (2). 

2. Histidine was determined on trichloroacetic acid (TCA) extracts by 
an adaptation of the Knoop method, approximately according to the modi- 
fication of Chattaway (3). Extra bromine was added to compensate for 


* This investigation has been supported in part by research grants from the Na- 
tional Cancer Institute, National Institutes of Health, United States Public Health 
Service, and the Abbott Laboratories. 

t Visiting investigator from the University of Frankfurt. Exchange Fellow, 
United States State Department; Charlton Fellow. 
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2 AMINO ACID CONCENTRATION BY NEOPLASM 


that removed by reducing substances present in cell extracts. TCA was 
included in the photometric standards. 

3. Phenylalanine was estimated on TCA filtrates by an adaptation of the 
Kapeller-Adler method, as modified by Block and Bolling (4). To destroy 
TCA, a measured portion of the filtrate was boiled for 30 minutes in a 
6 X 1 inch test-tube with a mark at 10 ml. Some replacement of water 
boiled off was necessary during this heating. The samples were then per- 
mitted to come to dryness in a vacuum desiccator. 0.8 ml. of nitrating 
mixture (4) was added, and the rest of the procedure was carried out in 
the same tube, the contents of which were diluted to 10 ml. with concen- 
trated ammonia to develop the color. 

4. For the diamino acids, lysine, ornithine, and a, y-diaminobutyric acid, 
hot water extracts were prepared. The cells were suspended in 10 parts 
of water, the pH lowered to 5 to 6 with dilute acetic acid, and the suspen- 
sion heated 10 minutes at 100°. The extracellular fluid, diluted 3 to 5 
times, was deproteinized in the same way. Phosphotungstic and hydro- 
chloric acids (5) were added to the extracts, and after 2 days at 5° the 
precipitated phosphotungstates were washed once and redissolved by al- 
kali addition. a-Amino acid nitrogen was determined manometrically 
(6, 7) with ninhydrin at pH 2.5 or in some cases at pH 4.7. a,y-Diamino- 
butyric acid, like ornithine (7), gave 110 per cent of the theoretical amount 
of CO, at pH 4.7. The increase in a-amino nitrogen found, over that in 
incubated controls similarly treated, was attributed to the added diamino 
acid. 

5. Arginine was estimated on hot water extracts by the Sakaguchi re- 
action, as used by Dubnoff (8). Citrulline was determined on hot water 
extracts by the Fearon reaction (9). 

6. Ethionine plus methionine were determined on hot water extracts by 
Bolling’s modification (10) of the method of McCarthy and Sullivan. 

7. The a-methylamino acids, pL-isovaline (a-methyl-a-aminobutyric 
acid) and a-aminoisobutyric acid, were determined by an adaptation of the 
manometric ninhydrin method. First the picric acid extracts were hydro- 
lyzed with n HCl 24 hours at 110° to split glutamine and glutathione and 
to destroy other structures yielding carbon dioxide on heating. The car- 
bor. dioxide released during 6 minutes at pH 2.5 and at a ninhydrin con- 
centration of 100 mg. per ml. was discarded, and that subsequently formed 
during 90 minutes of additional heating measured. The factors 1.26 (for 
isovaline) and 1.30 (for a-aminoisobutyric acid) were used to compensate 
for the decomposition of these acids occurring during the first 6 minutes 
of heating and for the small fraction not degraded in 96 minutes. The in- 
clusion of hydrazine sulfate in the lactic acid solution (11) was desirable. 
The very slow degradation of ‘the a-methyl-a-amino acids by ninhydrin 
may be compared with their slow deamination by nitrous acid (12). 
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The foregoing methods were not in all cases sufficiently specific for 
measurement of the normal distribution of a particular amino acid, but the 
increment in the values found upon the addition of the amino acid to the 
cell suspension at a 5 or 10 mM concentration clearly portrayed its distri- 
bution. Frequently in the past the distribution of an amino acid had 
been studied by measuring the increment in amino acid nitrogen caused 
by its addition. This rather crude method was used by us in the case of 
leucine, isoleucine, D-serine, and valine. These acids were added at a 10 
mM level to the medium; hence over half the final a-amino acid nitrogen 
(by the manometric ninhydrin procedure) in the system was due to the 
added amino acid. The increase in a-amino acid nitrogen found corre- 
sponded to that added. The extent to which an amino acid is concen- 
trated is apt to be underestimated by this procedure because the added 
amino acid ordinarily causes considerable loss of other amino acids from 
the cells. When aspartic acid was studied in the same way, a substantial 
increase in the a-amino acid nitrogen in the system was observed, even 
when the double yield of carbon dioxide which aspartic acid gives with 
ninhydrin is taken into account. The increase was limited to the suspend- 
ing fluid, indicating minimal uptake of aspartate by the cells. One can- 
not, however, be confident that it was the distribution of aspartate that 
was being observed under the circumstances. 

L-a,y-Diaminobutyric and L-a,f8-diaminopropionic acids were synthe- 
sized from L-glutamic acid (13) and L-asparagine (14), respectively, by 
Aiss Lillian Alonso. 


Results 


Concentrative Uptake of Various Amino Acids—Earlier experiments (1) 
showed that glycine, alanine, glutamine, and glutamate, four of the more 
abundant amino acids, were strongly concentrated by the cancer cells. 
By now, seventeen more amino acids (Table I) have been observed to be 
concentrated to varying degrees. The distribution attained upon incuba- 
tion of an amino acid added to the cell suspension, usually at about a 5 
mM level, has been expressed in Table I as a fraction, with the cell level 
as the numerator and the extracellular level as the denominator, both in 
millimoles per kilo of water. A more complete description of the ability 
of a cell to concentrate a given amino ac also the maximal 
gradient attainable at higher concentrations (1). The list of amino acids 
shown to be concentrated includes ornithine and citrulline, not known 
to occur in proteins, a,y-diaminobutyric and a,8-diaminopropionic acids, 
not known to take part in the metabolism of higher animals, and DL-a- 
methyl-a-aminobutyric and a-aminoisobutyric acids, not known to take 
part in the metabolism of any organisms. The remarkable case of L-a,y- 
diaminobutyrate, which was concentrated so actively as to displace nearly 
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4 AMINO ACID CONCENTRATION BY NEOPLASM 


all the potassium from the cell and ultimately to destroy it by the osmotic 
gradient produced, is discussed in a separate communication (15). The 


TABLE I 
Amino Acids Shown to Be Concentrated by Carcinoma Cells 


The indicated amino acid was added to the cell suspension at from 2 to 10 mm, 
except that in the last three experiments the diamino acids were added at 30 to 
36 mm. Incubation times 1, 1.5, or 2 hours. Natural medium = natural ascitic 
fluid. KRB = Krebs’ Ringer-bicarbonate medium. The fractions show the cel- 
lular level over the extracellular level, both in millimoles per kilo of water. The 
braces indicate parallel studies with cells from the same pool. The values for gly- 
cine are averages for numerous experiments. 


Amino acid Medium | Distribution 
| 12.7 
KRB 8.2 
‘Natural | 15.3/2.0 = 7.8 
a-Aminoisobutyric................. 42/8.8 = 4.8 
\ | 29/20 =-1. 5 
Proline. . KRB 19.5/7.8 = 2.5 
Hydroxy proline. | | 22.4/7.2 = 3.1 
pL-Ethionine... . —-29.0/7.5 = 3.9 
—-15.3/3.8 = 4.1 
KRB —=17.7/2.8 = 6.3 
28.8/8.2 = 3.5 
{Natural —64.6/3.6 = 1.3 
d 6.0/2.2 = 2.8 
7.7/<0.1 = >80 


‘Diaminopropionict 49/15 = 3.3 


* Determined by increase in @-amino acid N by the manometric ninhydris 
method. 


t Determined by increase in a@-amino acid N by the colorimetric ninhydrin 


method. 
All others by more specific procedures. 


distribution of diaminopropionic acid was only approximately established 
by the Moore and Stein colorimetric procedure (16); somewhat smaller 
gradients, and displacements of potassium, chloride, and water, were pro- 
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duced by it than by a,y-diaminobutyric acid. The gradients were compa- 
rable to those for glycine. The higher aliphatic amino acids, valine, leu- 
cine, and isoleucine, appeared to be concentrated to only a modest extent. 
This recalls Ussing’s finding that the aggregate concentration of these three 
was nearly the same in the tissues and in the plasma of the guinea pig 
(17). Paper chromatograms showed glycine, alanine, glutamine, gluta- 
mate, ornithine, and hydroxyproline abundant in both cells and ascitic 
fluid; leucine and valine appeared as more prominent constituents of the 
extracellular phase. 

Most of the amino acids studied were recovered quite accurately after 
an hour or two of incubation in the cell suspensions. Exceptions were 
glutamine, arginine, serine, and ornithine; arginine disappearance was 


TABLE II 
Uptake of p- and L-Isomers of Amino Acids 
The values are distribution ratios, (cellular)/(extracellular), obtained under 
similar conditions. Except in the cases of arginine and proline, the experiments 
were parallel with cells from the same lot. All media, Krebs’ Ringer-bicarbonate; 
time 1 or 1.5 hours. 


Amino acid Lt form D form 


accompanied by ornithine and urea formation; serine loss with glycine 
formation; and ornithine loss with alanine formation. A transamination 
between ornithine and pyruvate has been reported in pigeon liver and 
muscle by Quastel and Witty (18). In the present instance glutamate 
may have mediated the apparent transamination. 

p-Amino acids were found also to be concentrated in every case tested 
(alanine, histidine, phenylalanine, serine, arginine, lysine, and proline, 
Table II), although in general not quite as actively as the L antipodes. 
In the case of arginine and serine, study of the p forms was not compli- 
cated by the destruction which the L isomers underwent. 

Inhibition among Amino Acids—Fig. 1 illustrates the inhibition of gly- 
cine uptake by alanine at various levels. A variety of amino acids has 
been compared as inhibitors, with 5 moles per mole of the test amino acid 
as a standard quantity of the inhibitor. The test amino acid was added 
to the suspension at a 5 mm level, except that glycine was used at a 2.2 
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6 AMINO ACID CONCENTRATION BY NEOPLASM 


mm level. Among the dipolar (‘‘neutral’”?) amino acids the inhibiting 
effect tended to decrease with increasing hydrocarbon chain length (Ta- 
ble III). The inhibitors tended to fall in the same order of effectiveness 
whether the test amino acid was glycine, alanine, histidine, or phenyl- 
alanine (Tables III and IV). The major effect of charge is illustrated by 
comparing glutamine and asparagine with glutamate and aspartate; in 
every case the former were inhibitory and the latter not. The anionic 
amino acids, aspartic, glutamic, and DL-a-aminoadipic acid, had little 
effect on the distribution of other amino acids tested. When several 
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ALANINE or LYSINE/GLYCINE 


Fig. 1. Inhibition of glycine concentration by alanine and stimulation by lysine. : 


O, relative distribution ratios for glycine at a constant level, with increasing alanine 
levels; A, same, but glycine at decreasing levels with alanine level constant; x, 
relative distribution ratios for glycine at increasing lysine levels. The relative dis- 
tribution ratio was taken as 100 in the absence of the inhibitor. 


amino acids were added together, the inhibition was about the expected © 
sum of the effects of the amino acids present. ‘The cationic amino acids, | 


arginine, lysine, and a,y-diaminobutyrate, on the other hand, were dis- 
tinctly stimulatory to the concentration of dipolar amino acids (Tables 


III and IV). In this respect histidine appeared to belong among the di- © 
polar acids with glycine, alanine, and phenylalanine. If the cationic form — 
of histidine were the one concentrated, the pH optimum would be ex- © 
pected to be shifted to lower pH values; instead the pH-activity curve | 


for histidine was, if anything, distorted slightly in upward direction (Fig. 


2) compared with glycine. 


When the test amino acid was lysine, arginine, or a,y-diaminobutyrate, | 
inhibiting effects were observed with neutral amino acids, but not by the F 
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anionic (Table IV). Arginine uptake was also inhibited by other cationic 
amino acids. 


TaB_eE III 
_ Inhibition of Concentration of Glycine, Alanine, and Histidine by Amino Acids 
Relative distribution ratio = per cent of distribution ratio observed in the ab- 
sence of the inhibitor. 5 mm of the inhibitor were present per millimole of the 
amino acid under study. Glycine was at 2.2 mm, alanine and histidine at 5 mm 
levels. Krebs’ Ringer-bicarbonate media. 


Relative distribution ratio 
Inhibitors 
Glycine Alanine Histidine* 
per cent per cent per cent 
23T 23T 
a-Aminoisobutyric acid............... 32 
42t 45T 28 
51f 
90 44 
pL-a-Aminoadipate................... 96 117 144 
L-a,B-Diaminopropionic acid......... 87 
L-a,y-Diaminobutyric acid........... 128 


* Histidine determinations made by Dr. G. S. Wells. 

t Formation of bound glycine, alanine, or histidine did nct occur in association 
with the inhibition. 

Possible Extracellular Peptide Formation—Gale and Van Halteren (19) 
recently reported detailed studies of the inhibition by various amino acids 
of glutamate accumulation by Staphylococcus aureus. During inhibition 
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8 AMINO ACID CONCENTRATION BY NEOPLASM 


by cysteine or alanine, peptides containing glutamate together with the 
inhibiting amino acid were found to accumulate in the extracellular me- 
dium. In our experiments, the completeness of recovery of most of the 


TaBLeE IV 
Inhibition and Stimulation of Concentration of Additional Amino Acids 


The amino acid under study was added to suspension at 5 mo per liter, the in- 
hibitor at 25 mm per liter. Krebs’ Ringer-bicarbonate media. 


Relative distribution ratio 


| 
| 


| Lysine Arginine Citrulline 
ba per cent per ceni per cent per cent per cent 
45 58 2 | 
| 53 65 | 
| 96 83 126 > 100 | 
DL-a-Aminoadipate............. 97 
| 
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Fig. 2. Relation of pH to concentrative uptake of glycine and histidine. O, rela- 
tive distribution ratio for glycine; X, relative distribution ratio for histidine. The 
lines were drawn by inspection. The relative distribution ratio was taken as 100 
at pH 7.4. Final pH 6.5 to 8.1 obtained by varying the [HCO;-] of medium, pH 6.5 
to 5.4 by adding dilute HCl, all at poo. = 39 mm. pH 8.3 to 8.8 obtained by low 
CO: pressures with bicarbonate-containing media. 
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amino acids studied, whether in the presence or absence of an inhibitor, 
indicated that such a process probably had not occurred here to an ap- 
preciable extent. Nevertheless bound glycine, alanine, or histidine was 
sought in the deproteinized medium in many cases (as indicated in Table 
III), but they were not found in significant quantities. The exception 
should be made that occasional small accumulations of bound glycine 
were observed, but not in correlation with inhibited glycine accumulation. 
Bound glycine was not characteristically changed inside the cells either.- 
Glucose was not ordinarily present in the medium during our experiments, 
in contrast to those of Gale and Van Halteren; the cancer cells appar- 


TABLE V 
Comparison of Inhibition by pv and t Isomers of Amino Acid Concentration 
Glycine at 2.2 mm, histidine at 5 mm. Inhibitors at 5 times the concentration 
of the test amino acid. Time 1 hour for glycine, 1.5 hours for histidine. Krebs’ 
Ringer-bicarbonate media. 


Relative distribution ratio 


Inhibiting amino acid Glycine Histidine 
L inhibitor | D inhibitor | 1 inhibitor | p inhibitor 
per cent | per cent per cent per cent 


ently have sufficient supplies of substrate to maintain a high oxygen con- 
sumption for hours. But when glucose was added, bound glycine or his- 
tidine formation still could not be detected. If any extracellular peptide 
formation did occur whenever two mutually inhibitory amino acids were 
together in the cell suspension, the peptides formed must have been split 
subsequently. 

Effects of p Isomers—The inhibitory and stimulatory actions of amino 
acids were observed also with p-amino acids (Table V). Inhibition by 
D forms was generally not as strong as by L isomers; this no doubt should 
be related to the somewhat inferior uptake of the p acids. Peptide for- 
mation becomes much less probable as a contributing factor to either 
inhibitory or stimulatory actions by pD isomers, since this would require 
the biosynthesis of peptides containing D-amino acids. The effectiveness 
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of D-amino acids provides evidence that it is the presence of the amino 
acids themselves, rather than of any of their metabolic products, which 
exerts the inhibitions and stimulations. The inhibitory effects of the 
a-methyl-a-amino acids strengthen this view. 


TaBLeE VI 


Effect of Variations in Composition of Krebs’ Ringer-Bicarbonate Medium on 
Glycine Concentration 


Choline chloride replacing 72 m.eq. per liter NaCl...... 76 
NaCl replacing KH2PO., MgSQ,, KCl, CaCh............ 70 
96 
NH.Cl replacing 10 m.eq. per liter NaCl........... .... 91 

TaB_LeE VII 


Effect of Decrease of Cell K on Glycine Concentration 


A control portion of cells (Experiment A) was held 4 hours in 50 volumes of 
Krebs’ Ringer-bicarbonate medium at 5°, then incubated 2 hours in glycine-rich 
KRB. Another portion was held 4 hours in K-free KRB at 5° and then divided 
into 2 parts. One part (Experiment B) was incubated in glycine-rich KRB; the 
other (Experiment C) in K-free, glycine-rich KRB. 


Glycine 
Final cell K* distribution* 


m.eq. per kg. H2O 


Experiment A. Control cells in KRB.............. 108 99/46 = 2.2 
- B. Kt-low cells in KRB.............. | 93 95/47 = 2.0 
A « “ K-free KRB....... | 52 92/49 = 1.9 
See Table I. 


Comparison of Synthetic and Natural Media—Uptake of an amino acid 
was generally stronger when it was present alone in Krebs’ Ringer-bicar- 
bonate than when it was added to the natural ascitic fluid (Table [). No 
doubt in the latter the prevailing effect of the other amino acids present 
was an inhibiting one. Glycine and a,y-diaminobutyrate, however, were 
taken up more actively from the natural medium. 

Effect of Variations in Level of Extracellular Nat and Kt on Glycine 
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Uptake—When half the Nat of the medium was replaced with choline, 
the uptake of glycine by the cells was only moderately decreased (Table 
VI). Choline gave no evidence of being concentrated itself. A low level 
of K* was necessary for optimal concentration of glycine; Mg, Ca, and 
phosphate appeared to be unnecessary (Table VI). Cells which had most 
of their K replaced by Na (by holding at 5° in a K-free medium) took up 
glycine essentially as well as cells containing much higher K levels (Ta- 
ble VII). 

Concentration of Ammonium Ion—Table VIII shows the concentrative 
uptake of ammonium ion by the cells. This was accompanied by K dis- 
placement. The presence of cyanide or 2,4-dinitrophenol had little effect 


TaBLeE VIII 
Concentrative Uptake of Ammonium Ion 
2 hours incubation, except for Experiment 107, 1 hour. 


Experiment No. | Medium Distribution of ammonia* 
103 KRB 28.4/5.1 = 5.6 
” 64.4/14.6 = 4.4 
107 " 127/45 = 2.8 
113 Bes 25.1/7.4 = 3.4 
| +4 10 mm CN- 22.3/6.7 = 3.2 
“+ 1 mm dinitro- 21.7/7.2 = 3.0 
phenol | 
* See Table I. 


upon the uptake. Moderate concentration of ammonium ion by muscle 
has been recorded (20, 21). 


DISCUSSION 


The efficient exchange of amino acids aniong the cells of a multicellular 
organism demands that the cells shall not concentrate the amino acids 
too strongly, or else the extracellular levels will be too low. This would 
not apply for unicellular organisms. In thie instances studied microor- 
ganisms apparently continue to accumulate an amino acid until substan- 
tially all of it is removed from the suspending fluid (22); when the cells 
are transferred to a glutamate-free medium, glutamate is not released, 
unless glucose or other suitable substrate is lacking. In contrast the 
amino acid levels of the cells of the higher animals are closely responsive 
to the extracellular levels, adjusting upward or downward with the out- 
side levels, but all the while remaining several times as high. We hesi- 
tate to use the term accumulation for the latter behavior. It seems likely 
that a loss of most of the concentrative activity for amino acids occurs 
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as cells become more specialized. Considerable decreases in concentrative 
activity are seen during embryonic development (23) and in the mat- 
uration of the red cell (24). 

The evidence now seems very strong that the amino acids really are in 
a free form within the cell, or at least in a form with full osmotic activity 
and electric charge (15). Therefore it seems necessary to assume that 
they exist in a modified form during transfer across the boundary. Pre- 
sumably the amino acid reacts with a carrier to produce this modification. 
Is there a specific carrier for every amino acid, or does each amino acid 
undergo a characteristic degree of concentration because of characteristic 
reaction constants with regard to one non-specific acceptor? It is un- 
likely that specific acceptors exist not only for p-amino acids but also for 
the abnormal a-methyl-a-amino acids and for ethionine. No a-amino 
acid has been encountered with which the cells deal indifferently, al- 
though certain peptides are not measurably concentrated.!' From the 
present results it is likely that the cell has one or a very few amino acid 
acceptors of low specificity. Since the p acids are also concentrated, the 
amino acid is probably not bound to the acceptor at more than one or 
two points. At least one step of the process must be sensitive to optical 
configuration, since the p forms are in general not concentrated as well 
as the Lt. The inhibitory effects observed here are probably explained as 
competitions among the amino acids for the carrier, rather than as com- 
petitions between carrier and inhibitor for the amino acid to be transferred. 

The concentration which a given acid undergoes probably is a conse- 
quence of the compositional, steric and configurational details of its struc- 
ture which determine its reactivity with the carrier. Leucine presents 
the poorest, a,y-diaminobutyrate the best approach, so far, to the struc- 
ture most favorable for concentration. The cellular levels of an amino 
acid in an animal in the postabsorptive state are probably set mainly 
by the balance among the cellular processes which form and which wtzlize 
the amino acid. The extracellular level, on the other hand, must be de- 
termined largely by cellular activity; 7.e., (1) by the levels of the amino 
acid in the various cells, and (2) by the degree to which the cells concen- 
trate the amino acid. For example, the plasma glycine level presumably 
is high because the cell levels are high, whereas the plasma leucine level 
is high because the concentrative activities for leucine are low. 

Among the neutral amino acids glycine is concentrated the most; the 
degree of concentration falls off with the increasing length of the aliphatic 
chain. Steric hindrance in combining with the carrier is probably not in- 
volved, considering how actively the a-methyl-a-amino acids are concen- 
trated. The inhibitory effects of the neutral amino acids upon glycine 


1 Unpublished results, Christensen, H. N., and Rafn, M. L. 
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_ uptake fall roughly in the same order as the degree of concentration they 


undergo. The presence of polar groups on the side chain was associated 
with increased concentraticn. It may be important that a,y-diamino- 
butyrate and a,#-diaminopropionate are the only diamino acids studied 
which could form unstrained rings of five or six members by forming 
complexes of the amino groups with a single atom of the acceptor. 

One difference between these carcinoma cells and the bacterial cells of 
Gale probably is more apparent than real. The addition of glucose or 
other substrate is neither necessary nor stimulatory to the concentration 
of amino acids by the carcinoma cell. This does not mean, however, that 
the process is independent of respiration or the presence of substrate. 
The isolated cells obviously do not lack eee, as shown by their per- 
sistent high endogenous respiration.” 

Several observations now point to the importance of the amino group 
rather than the carboxyl group in the concentration of amino acids by 
these cells. 

1. The diamino acids are concentrated much more actively than the 
corresponding monoamino acids. One diamino acid is concentrated so 
intensely as to displace almost all of the K+ from the cell (15). 

2. The uptake of glycine also causes a loss of K+ from the cell, although 
in this case the shift has no obvious meaning, K* being replaced by Nat. 

3. The uptake of either glycine or diaminobutyrate is strongly inhibited 
by extracellular K+ levels of 30 or 40 m.eq. per liter and higher. Small 
amounts of extracellular K+, however, need to be present for optimal 
concentration. 

4. The ammonium ion itself, as well as an alkaloid (25), is taken up 
against apparent concentration gradients, also causing the displacement 
of K+ and the uptake of Cl-. The processes are not identical, however, 
in that cyanide and 2,4-dinitrophenol scarcely affect ammonia uptake, 
whereas they inhibit strongly the uptake of glycine or diaminobutyrate. 

5. The cationic amino acids stimulate the uptake of the neutral amino 
acids. 

In the competition for transfer into the cell, K+ acts rather as if it be- 
longed among the amino acids. A common step is suggested in the proc- 
esses by which Kt and the amino acids are transferred. An alternative 
explanation for the relationships is that the energy for amino acid con- 
centration is drawn from the store of potential energy inherent in the 
asymmetric distribution of potassium. Fleckenstein (26) has emphasized 
the possibility that this energy may be available for cellular activity. 
Two observations argue against assigning a special place here to K: (1) 
the loss of IX from the cells was always less than the uptake of the amino 


? Personal communication from Dr. Nancy Bucher. 


t- 
n 
y 
at 
d 
ic 
l- 
r if 
e 
d | 
il 
ll 
1. 
Oo | | 
y 
20 
| 
l- &§ 
y 
e 
e 


14 AMINO ACID CONCENTRATION BY NEOPLASM 


acid; (2) cells with more than half their K replaced by Na had practically 
undiminished ability to take up glycine. The relations appear rather to 
be mutual: K can displace diaminobutyrate and diaminobutyrate can 
displace K, the diamino acid being the stronger competitor (15). 

Jacobs proposed that ammonium acetate, for example, entered the cells 
in the form of ammonia and acetic acid (27). If this view were extended 
to glycine, the form NH:—CHz—COOH, representing only about 4 mole- 
cules in a million, would be taken as the form entering the cell. The 
finding that diaminobutyrate is even more strongly concentrated than 
glycine argues against the latter supposition, because only about 1 mole- 
cule in 100,000,000 of this acid would be predicted to be uncharged at pH 
7.4. 

Considering the connections between amino acid and potassium transfer, 
it 1s interesting to note that in a number of invertebrates, particularly 
among the crustaceans (28-30), amino acids apparently serve in place of 
inorganic electrolytes to provide the osmotic pressure of the cellular solu- 
tion. In the presence of diaminobutyrate the mammalian cell appears to 
approach that of the lobster in electrolyte composition. 


SUMMARY 


1. The concentration of seventeen more amino acids in vitro by the 
Ehrlich mouse ascites carcinoma cell has been observed. In each case 
studied the p form of the amino acid was concentrated, although gen- 
erally not as much as the L isomer. Included are amino acids of limited 
occurrence as well as amino acids which probably do not occur naturally 
and which probably cannot be metabolized. Certain interconversions 
among the amino acids have been noted. 

2. Two a-methyl-a-amino acids were degraded so slowly by ninhydrin 
that they could be determined by the carbon dioxide evolved after other 
amino acids had been degraded by ninhydrin. 

3. The relation of pH to concentrative uptake was plotted for glycine 
and histidine. 


4. The uptake of dipolar amino acids was inhibited by other dipolar — 


amino acids, the intensity varying roughly with the extent to which the 
inhibitor itself was concentrated. Anionic amino acids were without dis- 
tinct effect upon the uptake of dipolar amino acids, whereas most of the 
cationic amino acids were stimulatory. The uptake of cationic amino 


acids was inhibited by other cationic and by dipolar amino acids. These — 


effects were obtained with both p and L isomers. 


5. No evidence could be obtained of peptide formation when mutually | 


inhibitory amino acids were included in the suspending fluid. 


6. Diamino acids, especially a,y-diaminobutyric and @,8-diaminopro- 


pionic acids, were concentrated more strongly than corresponding mono- 
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amino acids. The ammonium ion was also concentrated. Normal extra- 
cellular levels of potassium stimulated amino acid concentration, but 
higher levels were inhibitory. 


7. The view is advanced that the amino acids are concentrated by 


reaction with the amino group, and that there is a common step in the 
concentrative uptake of potassium and the amino acids. 


The authors wish to thank Dr. Jesse P. Greenstein and Dr. Henry 


Borsook for generously providing certain of the amino acids used in this 
study. 
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INTENSE CONCENTRATION OF a,y-DIAMINOBUTYRIC 
ACID BY CELLS* 


By HALVOR N. CHRISTENSEN, THOMAS R. RIGGS, HERBERT FISCHER, ft 
AND IRENE M. PALATINE 


(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, March 17, 1952) 


During an exploration of the relation between amino acid structure and 
concentrative uptake by the Ehrlich mouse ascites carcinoma cell, the case 
of L-a,y-diaminobutyrate was encountered. This basic amino acid was 
concentrated so strongly as to displace most of the potassium from the 
cells and to cause large shifts of other electrolytes. Our observations 
upon this amino acid are recorded here. 


EXPERIMENTAL 


The a,y-diaminobutyric acid and L-a,8-diaminopropionic acid were syn- 
thesized for us by Miss Lillian Alonso, from t-glutamic acid (1) and 
L-asparagine (2). The diamino acids were included as their hydrochlor- 
ides in Krebs’ Ringer-bicarbonate medium, and this was added to the 
ascitic fluid suspension or to the separated cells or tissues at levels of 15 to 
40 mo per liter. The methods of incubation, separation, and analysis of 
the cells for electrolytes (3) and diamino acids (4) have been recorded. 
Magnesium was determined by the method of Garner (5) applied to nitric 
or trichloroacetic acid extracts of the cells. Water uptake by the cells 
was measured by their increase of weight; shifts of water were taken into 
account in calculating shifts of ions from or into the cells. 

In the experiments in mice bearing the ascites tumor, 0.3 M solutions of 
diaminobutyric acid monohydrochloride were fed or injected under the 
loose skin in the scapular region by passing the needle under the skin for 
acm. or more to obviate leakage from the site. After an hour the mouse 
was decapitated and the ascitic fluid removed and centrifuged, and the 
liver, kidney, and musculature of the hind legs excised quickly and weighed 
on a direct reading torsion balance. For electrolyte determinations (3) 


* This investigation has been supported in part by a grant (No. C-1268) from 
the National Cancer Institute, National Institutes of Health, United States Pub- 
lic Health Service, and a grant from the Abbott Laboratories. We were assisted 
by the Damon Runyon Memorial Fund for Cancer Research in obtaining a phase 
contrast microscope. 

t Visiting investigator from the University of Frankfurt. Exchange Fellow, 
United States State Department; Charlton Fellow. 


17 


| 
fe 
4 
ay 
i P 
Ly 
fe 


XUM 


18 Q@,Y-DIAMINOBUTYRIC ACID IN CELLS 


nitric acid extracts were made; for the amino acid analysis (4) the tissues 
were ground with five portions of 7 per cent trichloroacetic acid. The 
phosphotungstate of the diamino acid was then precipitated from this | 
extract. 


Results 


The approximate electrolyte pattern typical of the cells of the Ehrlich 
mouse ascites tumor is shown in Fig. 1, A. The sodium values are slightly | 
depressed and the chloride values slightly increased by the small but | 
variable contamination of the neoplastic cells with erythrocytes which we 
encountered. The electrolyte patterns attained upon incubation with a,y7- 
diaminobutyrate are shown in Figs. 1, B, 2, and 3, A. Increases of the © 
volume of cellular water are shown by the thickening of the bars; this © 
varied from 28 to over 100 per cent. The extracellular fluids correspond- © 
ing to these diagrams were abnormal only in containing (after incubation) — 
K at levels from 15 to 30 m.eq. per liter and the amino acid cation at 6 or | 
8 mm per liter. The bars of Fig. 1, C and 4, B illustrate the balance 
among the ions transferred to and from the cells, expressed in milliequiva- 
lents per liter of original cell water. The balance obtained was ordinarily 
better than that of Fig. 1, C. There were no indications that the ex- 
change of the organic cation for inorganic cations was other than 1:1. 
Fig. 3 shows the inhibition of the entrance of diaminobutyrate produced 
when the initial extracellular level of K was 30 m.eq. per liter. The © 
diaminobutyrate appeared a stronger competitor for concentration by the 
cell than K; when both initial levels were 30 mM, K reached a distribution 
(cellular) /(extracellular) of 79/43 = 1.8, and the diamino acid of 65/11.5 
= 5.7. When the extracellular K level was low to begin with, the corre- 
sponding ratios were (for K) 60/20 = 3 and (for the amino acid) 96/5.5 = 

17.4. 

At an initial extracellular level of 30 mm, the transfer of the amino acid 
into the cell continued for at least 5 hours. The loss of K, however, was 
almost complete in the Ist hour. After that, the readjustment was mainly 
by transfer of chloride and water. There was a consequent further dilu- — 
tion of the remaining cell potassium, and a gradual increase in the concen- es 
tration of the organic cation. Even after swelling to double the normal iB 
water content during 2 hours, the cells upon reinoculation produced the — , 
tumor, although with a lag period compared with normal cells. Break- ; 
down of the osmotic barrier with the disappearance of the amino acid — 
gradient occurred in one case after 2 hours at an initial extracellular level | 
of 60 mm of diamino acid. Observation of the cells by phase contrast | 
microscopy during uptake of diaminobutyrate showed intense swelling of — 
the cytoplasm of all the neoplastic cells (not of the contaminating erythro- 4 t 
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cytes), but swelling of the nucleus could not be detected. The optical 
density of the cytoplasm decreased, Brownian movements of the cyto- 
plasmic granules became prominent, and eventually many granules ap- 


oe 
Mg K* 
Not No 24 
SO K* 33 x > 
+ 
K* 
DiAA* 
Cl 92 
60 
Normal 2 Hours Transferred 
A B C 


Fig. 1. Uptake of diaminobutyrate by the ascites carcinoma cell. DiAAt = 
diamino acid cation. A, typical concentrations of ions in cell water in milliequiva- 
lents per kilo. B, after 2 hours in Krebs’ Ringer-bicarbonate containing initially 
30 mm of DiAA* Cl-. C, ions transferred to cell in milliequivalents per kilo of 
original cell water. Swelling indicated by thickening of bars of B. 
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Fic. 2. Course of the uptake of diaminobutyrate by the carcinoma cell. Sym- 
bols and scales as Fig. 1. Magnesium was not determined; normal cell content 
indicated by the dotted lines. 


peared in the extracellular fluid. Disruption of the cytoplasm was not 
observed. 

Clearly the cells were restrained in the uptake of the diamino acid by 
the necessary concomitant transfers of K, Na, Cl, and water. It was 
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reasoned that the entrance of the diamino acid hydrochloride could occur 
from a hypertonic solution without the necessity of water transfer, and 
that more would be taken up as the chloride and less by replacement with 
K. Fig. 4, A shows the results when the extracellular fluid was hyper- 
tonic by 40 mm of the amino acid hydrochloride plus 40 mm of NaCl. 
Still larger uptake of the organic cation and of Cl was observed, but the K 
displacement was as large as ever. The displacement of Na against a 
gradient is noteworthy (final distribution 24 m.eq. per kilo of cell water, 
183 m.eq. per liter in the extracellular fluid). As in every other case ob- 


Nd2 
Nat 30 ,- 
Na’ 3| 
K" 
K 
DIAL DiAA|-8.4 
83 a+ 388 
KRB High K* A-3 Hours B-Transferred 
A B Hypertonic Medium 
Fic. 3 Fia. 4 


Fic. 3. Inhibition of diaminobutyrate uptake by high extracellular K levels. 
Symbols and scales as in Fig. 1. 

Fic. 4. Uptake of diaminobutyrate from hypertonic medium. Symbols and scales 
as in Fig. 1. 


served, Mg failed to be displaced, suggesting that it was mainly in a bound 
state. Higher tonicities prevented the swelling, but the amino acid gradi- 
ents were smaller. 

L-a,8-Diaminopropionic acid produced similar but somewhat smaller 
shifts of K; e.g., loss of 44 m.eq. per liter of original cell water, compared 


with 64 m.eq. with diaminobutyrate. Swelling and uptake of the amino ‘ 


acid and of Cl- were also observed, but the distribution of this amino acid 
was not accurately measured. 

Uptake by Other Cells and Tissues—Hemidiaphragms of rats showed no 
uptake of diaminobutyrate after 2 hours of incubation in Krebs’ Ringer- 
bicarbonate solution containing sodium pyruvate (6) and diaminobutyrate 
at 20 mm levels. Human and canine erythrocytes likewise failed to ad- 
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mit the amino acid upon incubation in vitro in Raker’s medium (7) plus 
plasma. 

Table I shows the distribution of diaminobutyrate upon feeding to or 
injection into mice bearing the ascites tumor. Upon feeding by stomach 
tube, a voluminous diarrhea was produced, the gut became distended, and 
absorption manifestly was poor. In spite of their powerful uptake of the 
diamino acid in vitro, the carcinoma cells captured only a very small por- 
tion in competition with the liver until the liver had exchanged about 
half of its K for diaminobutyrate. Skeletal muscle and kidney also 
showed an appreciable activity for concentrating the amino acid. Very 
little of the diamino acid remained in the extracellular fluid, the ascitic 


TABLE I 
Distribution of Diaminobutyrate Fed (Experiment 1), or Injected Subcutaneously, 
into Mice with Ascites Tumor 
Normal diamino acid levels in millimoles per kilo, carcinoma cell 4, liver 3.8, 
muscle 2.7. The animals were sacrificed 2 hours after feeding, 1 hour after injec- 
tion. 


Experi- Diamino acid, mw per kilo | Changes in benny Sd liver, m.eq. 
Dose 
Muscle | Kidney | Liver | K+ Mgt 
uM | | 
1 750 3.8 11.3 90 
2 75 1.2 14.1 4.0 8.7 38 —40 +11 —0 
3 150 | 1.1 11.6 | 5.9 82 
4 | 225 | 2.0 | 61 5.6 | 15.9 | st | —54 | +28 | 2 


plasma serving as a sample of that fluid. Essentially all of the adminis- 
tered acid was recovered in the whole mouse after an hour. High levels 
were attained in the carcinoma cells only when the dose was large enough 
to exceed the ability of the liver to take up the diamino acid. 


DISCUSSION 


The behavior of the neoplastic cells toward diaminobutyrate appears to 
establish that the amino acid is in the free state within cells, or at least 
has its full osmotic activity and electric charge. Similarly the results pro- 
vide good evidence for the validity of the widely held view that K+ is in 
the free state within the cell and that water moves freely into and out of 
the cell. In contrast, Mg showed no detectable displacement by diamino- 
butyrate. 

With reference to intensity of the concentrative uptake of the natural 
food amino acids, glycine and alanine, the mouse tissues fall in the order, 


“ur 
nd 
ith 
er- 
C], 
K 
a 
er, 
b- 
les 
nd 
ler 
ed 
no 
id 
10 
te 
d- 


22 @,Y-DIAMINOBUTYRIC ACID IN CELLS 


carcinoma cells > liver > muscle (8), whereas for diaminobutyrate the 
order was liver > carcinoma cells > muscle. To begin with, the neo- 
plastic cells concentrate this amino acid far more powerfully than any 
naturally occurring amino acid yet encountered; the intensity of the up- 
take by the liver can be gaged only from the apparent failure of the tumor 
cells to share in an administered dose until the liver reached nearly maxi- 
mal levels. 

Observations of the natural occurrence of a,y-diaminobutyric acid and 
a,8-diaminopropionic acid seem to be limited so far to antibiotics (9, 10). 
Amino acid and peptide structures related to these amino acids are under 
exploration. 


SUMMARY 29 


a,y-Diaminobutyric acid was observed to be so strongly concentrated 
by the Ehrlich mouse ascites carcinoma cell as to displace most of the 
cellular potassium. Chloride and water were taken up until the cell water 
was more than doubled. Sodium was also displaced from the cells, but 


not magnesium. ‘The response to a,{- diaminopropionit acid was similar | 


but weaker. Erythrocytes and rat diaphragm failed to admit diamino- 


butyrate into the cells zn vitro. 
Almost all of a moderate dose of diaminobutyrate sidecases subcutane- 


ously into a mouse was captured by the liver, and oly after the liver | 


appeared to reach a maximal level (with displacement of about half its 


potassium) was the amino acid captured by the carcinoma cells. Skeletal _ 
muscle and kidney concentrated the amino acid to a lesser but appreciable | 


extent under these conditions. 
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PANTOTHENATE STUDIES 


III. DESCRIPTION OF THE EXTRACTED PANTOTHENATE- 
SYNTHESIZING ENZYME OF ESCHERICHIA COLI 


By WERNER K. MAAS 


(From the United States Public Health Service, Tuberculosis Research Laboratory, 
Cornell University Medical College, New York, New York) 


(Received for publication, March 31, 1952) 


Mutations producing nutritional requirements in microorganisms have 
repeatedly been shown to do so by blocking a single biosynthetic reaction. 
It has been sugg sted that the block is due to loss of the ability to form the 
corresponding enzyme. The present study was undertaken in order to 
make it possible to test this hypothesis directly by comparing the enzyme 
of a given reaction, extracted from a mutant blocked in that reaction, with 
the corresponding enzyme extracted from the wild type strain. The en- 
zyme system that synthesizes pantothenate from 8-alanine and pantoate 
in Escherichia coli was chosen for several reasons: in the presence of these 
precursors resting cells synthesize and excrete large amounts of pantothe- 
nate, indicating the presence of a highly active enzyme (1); pantothenate 
can be assayed uccurately and in low concentrations with a mutant (1); 
and different types of mutants blocked in this reaction are available, in- 
cluding a temperature-sensitive one which requires pantothenate only above 
30° (2). This enzyme system also is of additional interest because it 
catalyzes formation of a peptidic bond. 

Pantothenate synthesis has been demonstrated in macerated prepara- 
tions of yeast (3) and Neurospora (4) but not in cell-free solutions. With 
either organism the activity of the enzyme was low. In contrast, the 
present paper will show that the enzyme extracted from wild type E. coli 
is soluble and highly active. 


Materials and Methods 


The source of the enzyme was the W strain of EF. coli, ATCC 9637. The 
bacteria were grown with aeration at 37° for 24 hours in a minimal medium 
enriched with yeast extract and hydrolyzed casein (1). 

l-Pantoyl lactone was obtained through the kindness of Dr. W. L. 
Williams of the Lederle Laboratories Division, American Cyanamid Com- 
pany. Potassium pantoate was prepared by dissolving the lactone in KOH 
in a 1:2 molar ratio, heating at 100° for 10 minutes, and neutralizing with 
HCl. ‘Titration showed that the lactone had been hydrolyzed completely. 
Tolyl pantothenone was received as a gift from Dr. D. W. Woolley. 
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Adenosinetriphosphate was used in the form of a highly purified sodium 
salt (Rohm and Haas), and sodium and potassium salts were prepared 
both from the free acid (Schwarz Laboratories) and from a highly purified 
barium salt (Sigma Chemical Company). 

Measurement of Enzyme Activity—Enzyme activity was tested in tubes 
at 25°. In most experiments each constituent was added in 0.1 ml. volume 
and the total volume was adjusted to 1.0 ml. with distilled water. After 
the incubation period, generally 30 minutes, samples were diluted with 
distilled water at 80° to a concentration suitable for assay and kept at 80° 
for 5 minutes to inactivate the enzyme. Assays for pantothenate were 
performed on several dilutions of each sample, at least two of which were 
within the sensitive range of the assay; in general, the values obtained 
from the different dilutions were in close agreement. The assay method 
with pantothenate auxotroph 99-1] has been described (1). It was found 
during the course of the experiments that the assay medium could be 
improved over the one described (1) by adding thiamine (0.01 y per ml.) 
and by raising the citrate concentration from 0.05 to 0.15 per cent. 


Results 


Extraction of Enzyme—The enzyme has been extracted from both wet 
and acetone-dried bacteria. The former were ground with powdered Pyrex 
glass and extracted with M/15 potassium phosphate at pH 7.0; débris was 
removed by centrifugation. The acetone-dried cells yielded equally active 
preparations without grinding. The following procedure was used in the 
experiments reported here. The bacteria were harvested in a Sharples 
centrifuge and washed twice with distilled water in an angle head centri- 
fuge. ‘The wet mass was suspended in 10 to 20 volumes of cold acetone 
for 15 minutes, filtered with suction on a Biichner funnel, washed on the 
funnel with 10 volumes of cold acetone and 10 volumes of cold ether, and 
stored in a vacuum desiccator over P,O;. For extraction the powder was 
suspended in 10 times its weight of 0.01 m phosphate buffer at pH 7.0 for 
about 1 hour and the débris was removed in an angle head centrifuge at 
4000 r.p.m. Equally active extracts have been obtained at room tempera- 
ture and in the cold. 

After extraction all of the enzyme is found in solution. The activity 
per ml. of extract is the same before and after removing the débris and 
even after removal of additional suspended material by centrifugation at 
16,000 r.p.m. for 1 hour with the high speed attachment of the International 
refrigerated centrifuge. 

The acetone-dried powder is stable in the desiccator at room tempera- 
ture for at least 5 months. The dissolved enzyme is also quite stable, 
having been found to lose no activity after storage for a week at 6°. 
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In order to eliminate possible effects of endogenous activators and energy 
sources, the extracts were dialyzed against distilled water at 5° for 24 to 
48 hours before use. 


Properties of Enzyme System 


Precursors—The effect of precursor concentration on the rate of pan- | 
tothenate synthesis is shown in Fig. 1. The Michaelis constants, de- 
termined by the graphic method of Lineweaver and Burk (5), were 0.38, 
0.46, 0.57, and 0.74 mm for @-alanine in four experiments, and 1.52, 1.93, 
and 3.54 mm for pantoate in three experiments. These figures, though var- 
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Fic. 1. Effect of precursor concentration on enzyme activity. All tubes contain, 
in millimolar concentration, K;ATP 10, KCl 100, MgSO, 10, Tris (pH 8.5) 100; extract 
from 3.3 mg. of acetone powder; for the 6-alanine curve, K pantoate 20; for the K 
pantoate curve, 8-alanine 20; total volume 1.0 ml. Incubated at 25° for 30 minutes. 


lable, suggest that the affinity of the enzyme for @-alanine is several 
times greater than that for pantoate. 

Pantoy] lactone cannot replace pantoate as a substrate for the extracted 
enzyme, though it has about one-third the activity of pantoate as a sub- 
strate in resting cell suspensions, as a growth factor for strains blocked in 
pantoate synthesis, and as a reversing agent for salicylate inhibition of the 
wild type strain (6). Apparently the cells, but not their extracts, possess 
a mechanism, presumably enzymatic, for hydrolyzing the lactone. 

Energy Source—Adenosinetriphosphate (ATP) is required for enzyme 
activity; 5-adenylic acid fails to substitute for it. The effect of varying 
ATP concentration is shown in Fig. 2. For optimal activity a high concen- 
tration is required (10 mm), of the same order of magnitude as that required 
for the substrates (Fig. 1). Above the optimal concentration ATP becomes 
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inhibitory (about 50 per cent inhibition at 60 mm). Thelarge ATP require- 
ment and the ineffectiveness of 5-adenylic acid indicate that ATP functions 
as an energy source rather than as a coenzyme. 

It has not been possible to determine accurately the affinity of ATP for 
the enzyme system, since the extracts tested hydrolyze ATP even in the 
absence of the other substrates. The amount of this ATPase activity 
varies from one preparation to the next; in the preparation used in Fig. 2 
the amount of inorganic phosphate released in the absence of the substrates 
was half that released in their presence. 
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Fic. 2. Effect of ATP concentration on enzyme activity. All tubes contain, in 
millimolar concentration, B-alanine 20, K pantoate 20, KCl 100, MgSO, 10, Tris 
(pH 8.5) 100; extract from 3.3 mg. of acetone powder; total volume1.0ml. Incubated 
at 25° for 30 minutes. Potassium salt of ATP used. 


Attempts to trap a phosphorylated intermediate (e.g., pantoyl phos- 
phate) with hydroxylamine, which converts short chain acyl phos- 
phates to hydroxamic acids (7), have been unsuccessful. Pantoyl phos- 
phate would be expected to form a hydroxamic acid because pantoy] lactone 
has been shown to do so readily (8). 

Activators—The enzyme requires both monovalent and divalent cations. 
The requirement for monovalent cations is satisfied by either NH,4* or 
K+, as is shown in Fig. 3.1. The optimal concentration for either is 100 to 
200 mm, above which there is some inhibition. At any concentration 

1 The requirement for monovalent cations was overlooked until a highly purified 


ATP preparation (Rohm and Haas) was used; with a less pure preparation (Schwarz) 
the requirement could not be recognized. 
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NH,* produces somewhat greater activation of the enzyme than Kt. Nat 
in the same concentration range (10 to 200 mm) not only fails to activate 
but produces slight inhibition in the presence of either K+ or NH,*+. The 
chlorides of these three cations behave in the same manner as the corre- 
sponding sulfates. An activating effect of NH,+ ions has previously been 
demonstrated for the pantothenate-synthesizing enzyme in macerated yeast 


(9). 
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Fic. 3. Effect of monovalent cations on enzyme activity. All tubes contain, in 
millimolar concentration, B-alanine 20, K pantoate 5, K;,ATP 5, MgSO, 10, Tris 
(pH 8.5) 100; extract from 1.3 mg. of acetone powder; total volume1.0ml. Incubated 
at 25° for 30 minutes. In tests for the effect of NH,Cl, the tubes contain 20 mm Kt 
contributed by K pantoate and K;ATP. 


The effect of divalent ions on enzyme activity is shown in Fig. 4. Both 
Mn+ and Mg* exert a maximal effect at 10 mm, Mg** ions producing 
considerably greater activation at all concentrations tested. Above 10 mm 
both are inhibitory. Ca++ and Znt++ produce no activation and in the 
presence of Mg++ or Mnt* are slightly inhibitory at 10 mm. 

Other Cofactor Requirements——-Aside from the substances mentioned above 
no other cofactor requirement could be detected. In particular, coenzyme 
A dependence was investigated, since this cofactor is involved in the enzy- 
matic synthesis of the peptidic bond of hippuric acid (10). Since coenzyme 
A is difficult to remove by dialysis, the extracts were adsorbed with Dowex 1 
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(11); most of the coenzyme A, as measured by microbiological assay with 
Acetobacter suboxydans (12), was thereby removed without impairing en- 
zyme activity. Furthermore, reducing agents such as cysteine or cyanide, 
which activate other coenzyme A-dependent reactions, produced no effect 
on the pantothenate-synthesizing system. Formation of this peptidic link- 
age thus seems to involve no organic coenzyme. 


pH—The effect of pH on enzyme activity is shown in Fig. 5. The pH 
optimum in tris(hydroxymethyl)aminomethane (Tris) buffer is approx- 
imately 8.5. At pH 8.5 to 9.5 the same activity was obtained in 100 mm 
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Fic. 4. Effect of divalent cations on enzyme activity. All tubes contain, in 
millimolar concentration, 8-alanine 20, K pantoate 20, K;ATP 10, KCI 100, Tris 
(pH 8.5) 100; extract from 1.0 mg. of acetone powder; total volume1.0 ml. Incubated 


at 25° for 30 minutes. 


ammonium hydroxide as in 100 mM Tris; at pH 7.0 to 7.5 100 mm phosphate 
and 100 mM Tris also yielded identical activities. In the presence of either 
100 mm phosphate at pH 7.2 or 100 mm ammonium hydroxide at pH 9.0, 
100 mM Tris did not inhibit enzyme activity. 

Rate and Equilibrium of Reaction—As is seen in Fig. 6, the final amount 
of pantothenate synthesized, within the limits of accuracy of the assay, 
corresponds to total conversion of the added substrates, indicating an 
equilibrium very far on the side of synthesis. The kinetics of the reaction 
have not been studied in detail. 

The maximal reaction rate obtained so far from an acetone-dried cell 
preparation is 0.5 um per mg. of acetone powder extracted per hour at 25°. 
Between 15-45° the rate increases 3 times for each 10° rise in temperature. 
During a 30 minute testing period the rate is constant at these tempera- 
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tures. On prolonged incubation (>60 minutes) the enzyme is stable at 
35° but loses activity at 45°. Activity has been found to be proportional 
to the concentration of dialyzed extract over a 50-fold concentration range. 

Pantothenate Disappearance—In the presence of extract, ATP, and the 
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Fic. 5. Effect of pH on enzyme activity. All tubes contain, in millimolar con- 
centration, 8-alanine 5, K pantoate 5, K;ATP 5, KCl 100, MgSO, 10, Tris 100; extract 
from 10.0 mg. of acetone powder; total volume 1.0 ml. Incubated at 25° for 30 
minutes. 
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Fic. 6. Equilibrium of the reaction. All tubes contain, in millimolar concentra- 
tion, B-alanine 0.5, K pantoate 0.5, K;ATP 10, KCl 100, MgSO, 10, Tris (pH 8.5) 100; 
extract from 20 mg. of acetone powder; total volume 1.0 ml. Incubated at 25°. 
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activating ions required for pantothenate synthesis, added pantothenate 
disappears from the incubation mixture. The rate of this reaction, under 


conditions of substrate saturation (0.05 mm pantothenate), is only 0.001 yn | 
per mg. of bacteria extracted per hour at 25°, 0.002 times the rate at which 


these extracts can synthesize pantothenate. The following observations 
indicate that pantothenate disappearance is not due simply to reversal of 
the pantothenate-synthesizing reaction: extracts of mutant 99-1 which have 
no demonstrable pantothenate-synthesizing activity (<0.0005 times that 
of wild type extracts) are as active as wild type extracts in catalyzing 
pantothenate disappearance, and ATP is required for pantothenate disap- 
pearance, though one would not expect an energy source requirement for 
hydrolysis. <A similar reaction involving pantothenate disappearance has 
been demonstrated by MclIlwain in several other species of bacteria (13). 
Pantothenate disappearance in Ll’. coli extracts can be prevented by a 
pantothenate analogue, tolyl pantothenone. At the highest concentration 
tested (0.1 mm), this analogue completely prevents disappearance of 0.005 
mM pantothenate, though at that concentration it neither impairs pantothe- 
nate synthesis nor interferes with microbiological assay of the usual dilu- 
tions. This method of blocking pantothenate disappearance has proved 
valuable in experiments with mutant extracts, to be reported subsequently, 
in which, because of a less active enzyme, the rate of pantothenate disap- 
pearance becomes appreciable in comparison with the rate of synthesis. 


DISCUSSION 


It has been possible to obtain cell-free extracts of #. coli in which the 
pantothenate-synthesizing enzyme is at least 1000 times as active as that 
previously reported in preparations of yeast (9) and Neurospora (4). 

This enzyme from £. coli offers an opportunity for investigating the 
mechanism of formation of a peptidic bond. It resembles other enzymes 
that form such bonds, including those involved in the synthesis of gluta- 
mine (14), hippuric acid (10), and glutathione (15), in requiring ATP and 
cationic activators for activity. A possible reaction mechanism, analogous 
to one suggested for the other systems, would involve formation of a phos- 
phorylated intermediate, such as pantoyl phosphate, and subsequent coup- 
ling of this substance with 8-alanine. However, as in the other enzyme 
systems, attempts to detect the formation of an acyl phosphate inter- 
mediate have failed. 

In the present system no organic cofactor requirement has been found. 
In particular, coenzyme A dependence has been excluded. In contrast, 
enzymatic synthesis of hippuric acid requires coenzyme A (10), and gluta- 
mine formation requires organic reducing agents such as cysteine or cya- 
nide (14). 
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The optimal rate of pantothenate synthesis in the wild type extracts 
appears to be very high (approximately 3 < 10*® molecules of pantothenate 
per cell per hour at 37°) in relation to the small quantities of this vitamin 
required for growth of a pantothenate auxotroph (approximately 3 x 104 
molecules per cell) and to the rate of this growth (mean generation time of 
about 1 hour at 37°). However, the wild type strain, even in the absence 
of added 8-alanine and pantoate, synthesizes pantothenate in excess of its 
requirements, as is shown by its heavy excretion of this compound into the 
medium during growth of the bacteria (16). In the presence of an excess of 
the two precursors the excretion can be raised to a level of approximately 
3 X 10° molecules per cell per hour at 37°. Yet this rate of pantothenate 
synthesis is still appreciably lower than that of the extracts. Apparently 
in whole cells, even in the presence of excess of substrates, the rate of 
pantothenate synthesis is limited by factors other than the amount of the 
enzyme available. In this connection it might be noted that the pH 
optimum of the extracted enzyme is 8.5 to 9.0, whereas with resting cells 
maximal pantothenate excretion was observed at pH 7.0 to 7.5. 

Studies of extracts of mutant strains have shown that the temperature- 
sensitive mutant produces a pantothenate-synthesizing enzyme which dif- 
fers from that of the wild type strain in being extremely heat-labile, while 
an ordinary pantothenate auxotroph, requiring pantothenate at any tem- 
perature, yields no enzyme activity at all. Details of these studies will 
be presented subsequently.? 


The author wishes to express his gratitude to Dr. B. D. Davis for his 
continuous advice during the course of the work. It is a great pleasure 
to acknowledge the excellent technical assistance of Margaret C. Sanderson. 


SUMMARY 


Extraction from Escherichia coli of a soluble and highly active enzyme 
system that synthesizes pantothenate from §-alanine and pantoate has 
been described. For activity the enzyme requires ATP as energy source, 
and Mgt+ or Mn** and K+ or NH¢ as activators; Nat is inhibitory. No 
organic cofactor requirement could be detected. Various characteristics 
of the enzyme system have been reported and compared with those of other 
enzymes that synthesize peptidic bonds. 
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METALLOPORPHYRINS 
VII. COORDINATION OF IMIDAZOLES WITH FERRIMESOPORPHYRIN* 


By ROBERT W. COWGILLf ann W. MANSFIELD CLARK 


(From the Department of Physiological Chemistry, School of Medicine, The Johns 
. Hopkins University, Baltimore, Maryland) 


(Received for publication, March 31, 1952) 


This report extends the knowledge of metalloporphyrins by data on 
states of equilibria between ferrimesoporphyrin and each of several imida- 
zoles. ‘To conserve space there are omitted many details of particular 
cases that confirm types of relations developed here or described by Shack 
and Clark (25). Included is a correlation between the pK,’ values of the 
imidazoles and the abilities of the imidazoles to combine with the metallo- 
porphyrin. 

In addition to their intrinsic value, the results have a special interest 
because of the inhibitory action of some imidazoles on certain enzym¢ 
systems and because of a current hypothesis that the sites of attachment 
of globin to the heme moieties of the blood pigment are the imidazole 
groups of histidine residues. For reviews of arguments for and against 
this hypothesis see Lemberg and Legge (18), Wyman (31), and Granick 
(12). 


Instrumental Methods 


A Beckman spectrophotometer, model DU, to which was added a de- 
vice for holding solutions near 30°, and the instrument described by Clark 
and Perkins (4) were used in spectrophotometric measurements. In the 
latter instrument good control of the temperature of solutions was ac- 
complished by holding the cuvettes in a massive, windowed, copper block 
through channels in which water at 30° was pumped vigorously. During 
the latter part of the investigation a Cary recording spectrophotometer 
made possible the expeditious rechecking of several exploratory investi- 
gations. In each case the wave-length scale was standardized with helium 
or mercury line spectra and transmittancy readings were checked with 
transmittance values of glass standards supplied by the National Bureau 


* A condensation of part of a dissertation submitted by Robert W. Cowgill to the 
Board of University Studies, The Johns Hopkins University, in conformity with a 
requirement for the degree of Doctor of Philosophy. 

t Present address, Department of Biochemistry, Washington University, School 
of Medicine, St. Louis 10, Missouri. 


33 


| 
&: 
ae 


34 METALLOPORPHYRINS. VII 


of Standards. Discrepancies were small and negligible for present pur- 
poses. 

Measurements of pH were made with a glass electrode. A cell of the 
type described by Sendroy, Shedlovsky, and Belcher (24) was used in a 
shielded air bath at 30°. A Compton quadrant electrometer served as a 
null point instrument in conjunction with a Leeds and Northrup type K 
potentiometer. In each set of measurements the cell was standardized by 
use of a series of aqueous borate and phosphate buffers of ionic strength 
0.2. The pH values of these buffer standards were determined with a 
conventional hydrogen-saturated KCl calomel cell. The standard of ref- 
erence was a potassium hydrogen phthalate solution (0.05 m) to which was 
assigned the value pH 4.01 at 30°. By interpolation between standards 
of slightly higher and slightly lower pH, a reasonable accuracy was re- 
garded as attained with the glass membrane, even in alkaline solutions. 
In most cases potassium salts rather than sodium salts were used, and 
whenever possible the ionic strength was that of the standard buffers (10). 


In several cases it was necessary to use water-ethanol solutions. For ~ 


purposes of comparisons the pH standard of the water system was used. 


Preparations 


In the preparation of the chloride of ferrimesoporphyrin IX there were 
used the following modifications of procedures specified, or referred to, 
in Papers II (27) and VI (25) of this series. (a) Hemin chloride in yields 


of 94 to 96 per cent of theoretical were obtained by converting the blood © 
pigment of washed, laked erythrocytes to methemoglobin with K3;Fe(CN), ~ 


prior to the usual treatment with glacial acetic acid at 98°. The crystals 
were washed thoroughly. (b) Reduction to and release of mesoporphyrin 
by the usual treatment of hemin chloride with formic acid and a platinum 
catalyst is uncertain. Uniformly satisfactory results were obtained by 
bubbling hydrogen through the suspension of finely ground hemin chlo- 
ride in 90 per cent formic acid in the presence of a relatively weak catalyst. 
The suspension was heated under a reflux condenser. A compromise was 
made between complete conversion and that destruction of porphyrin 
which occurs on prolonged treatment. (c) At the stage of salting-out the 
sodium salt of mesoporphyrin by addition of 2 per cent disodium tartrate 


several repetitions of this process, although with loss of yield, are ad- — 
vantageous. Thereby a cleaner product is obtained prior to crystallization 
of the hydrochloride. On each of several samples of alumina sold for 


chromatography we found the dimethyl ester to undergo some hydrolysis; 
therefore this method of purification was abandoned in favor of particular 
care in the repeated salting-out. 

Incorporation of iron was made in the usual way. 
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The homogeneity of our samples of the chloride of ferrimesoporphyrin 
IX was established by the appearance of a single symmetrical peak on 
counter-current distribution between 0.1 M aqueous borate solution (pH 
9.1) and a mixture of 2 parts of 1,2-dichloroethane to 1 part of n-butanol. 
Impurity was estimated to be less than 1 per cent according to this test. 

Ferrimesoporphyrin is quite stable in dilute alkaline solution. An aque- 
ous 1.8 X 10-* Mm solution at pH 11 showed no change in absorption spec- 
trum during storage at room temperature for 2 weeks. During that time 
the spectrum on coordination with imidazole also remained constant. 
This stability of ferrimesoporphyrin solutions is in marked contrast to the 
instability of ferriprotoporphyrin noted by Shack and Clark (25) and 
determined the choice in these studies of the meso compound in preference 
to the proto compound. 

It may be noted that when a pipette is used for transferring a dilute, 
weakly alkaline solution of ferrimesoporphyrin a film frequently will de- 
posit on the glass unless the glass has previously been rinsed with dilute 
alkali followed by water, ethanol, and drying. 

Imidazole was obtained from the Eastman Kodak Company (practical 
grade), and was purified by repeated crystallization as the nitrate. Imid- 
azole nitrate melted at 116—117°;! 118° reported (9). The observed neu- 
tralization equivalent (imidazole ring) was 131.9 as compared with 131.1 
calculated for C3H5N 303. 

1-Methylimidazole was prepared by methylation of imidazole (28) and 
fractionation of the resulting oil. The main fraction was collected at 
95° under 15 mm. of Hg as a light greenish blue liquid which became color- 
less within 30 minutes. It is reported that 1-methylimidazole distils at 
94-95° under 14 to 15 mm. of Hg (23). 


Derivative M.p. observed M.p. recorded 
°C. 
1-Methylimidazole 159.5-160.5 159 (9) 


Analysis of the 1-methylimidazole nitrate: 


C,H:N;0;. Calculated. C 33.10, H 4.86, N 28.96 
Found.? ‘¢ 33.27, 33.25, H 4.51, 4.60, N 28.55, 28.90 


2-Methylimidazole was prepared by the method of Fargher and Pyman 
(11). The picrate melted at 212°; 213° reported (11). 
4(or 5)-Methylimidazole was available as the oxalate salt. The oxalate 


1 All observed melting points have thermometer stem corrections unless specifi- 
cally designated as uncorrected. 
? All analyses for the elements were performed by the Oakwold Laboratories, 


Alexandria, Virginia. 
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was converted to the nitrate, and the recrystallized nitrate melted at 
108.5°; 110° reported (9). 

4,5-Dimethylimidazole was prepared by the method of Fargher and 
Pyman (11). The picrate melted at 191-192°; 194-195° reported (30). 

2,4,5-Trimethylimidazole was prepared by the following method. 
There were added dropwise and with stirring 110 ml. of 28 per cent NH; 
(1.8 mM) to a solution at 0° of 26 gm. (0.3 m) of diacetyl and 26 gm. (0.6 m) 
of freshly distilled acetaldehyde in 200 ml. of 95 per cent ethanol. The 
clear solution was stored overnight in the ice box. The solution was 
concentrated to a yellow oil, saturated with K,CO3, and extracted with 
ether. The ether was removed and the residual oil was taken up in 250 
ml. of 5 per cent HCl, decolorized with charcoal, and converted to the 
picrate. The yield was 27.8 gm. of the picrate (27 per cent of theoretical) 
which melted at 157-158°; 160—163° reported (11). 2,4,5-Trimethylimid- 
azole hydrochloride was formed by the method given in Organic Syntheses 
(21) in 90 per cent of theoretical yield. The hydrochloride decomposed 
at 320° (uncorrected); 316° reported (11). 

4(or 5)-Hydroxymethylimidazole was prepared by the method described 
in Organic Syntheses (21). The recrystallized hydrochloride melted at 
105.5—106.5°; 107—109° reported (21). The compound was identified also | 
by oxidation to 4(or 5)-imidazolecarboxylic acid as described below. 

The ethyl ester of 4(or 5)-imidazolecarboxylic acid was prepared by 
the method of Jones (14). The ester, repeatedly crystallized from water 
and from 95 per cent ethanol, melted sharply at 147-148°; 162° reported 
(22). The compound was characterized by hydrolysis to 4(or 5)-imida- ~ 
zolecarboxylic acid (saponification equivalent of 136), by a neutralization | 
equivalent (imidazole ring) of 138.2 as compared with 140.1 calculated for 
, CeHgO2Ne2, and by analysis for carbon and hydrogen. 


C.sH,0O2N2. Calculated, C 51.42, H 5.75; found, C 51.09, 51.40, H 5.38, 5.13 


4(or 5)-Imidazolecarboxylic acid was prepared by two paths. Oxida- 
tion of 4(or 5)-hydroxymethylimidazole by warm nitric acid gave a white 
powder, fusing with decomposition at 274—275° (uncorrected) when heated 
slowly. Pyman (22) reported that 4(or 5)-imidazolecarboxylic acid melts 
at 275° when heated slowly. Hydrolysis of the ethyl ester of 4(or 5)- 
imidazolecarboxylic acid with 6 n KOH gave a preparation which fused 
with decomposition at 264—-265° (uncorrected). The neutralization equiv- 
alent (imidazole ring) is 115.9 as compared with 112.1 calculated for 
That 4(or 5)-imidazolecarboxylic acid occurs largely as a dipolar ion 
in slightly acid solution is suggested by its ionization exponents. For | 
the conditions 23.3 per cent ethanol, 0.01 m imidazole, ['/2 = 0.2, and 30°, 
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pK’ = 1.9 and pK,’ = 6.08. Having also the ionization exponent of the 
ethyl ester, pK’ = 3.66, we have taken the liberty of applying Cohn and 
Edsall’s (7) formula for calculating the ratio of concentrations of dipolar 
ion to non-polar neutral molecule in the case of an amino acid. By this 
bold extension we estimate that the dipolar ion (A) is about 57 times more 
abundant than the non-polar species (B). 


That a dipolar species also exists in the solid phase of the free acid is sug- 
gested by the fact that the fusing point (275°) of this imidazole is about 
100° higher than the melting points of simple imidazoles. 

4(or 5)-Bromoimidazole was prepared by the method of Balaban and 
Pyman (1). The compound was purified by recrystallization of the pic- 
rate which melted at 160—-161°; 162° reported (1). The picrate was con- 
verted to the free base of melting point 130.5-131°; 130—-131° reported 
(1). The neutralization equivalent (imidazole ring) is 145.2 as compared 
with 147.0 calculated for C;H3N2Br. 

2-Methylimidazoline was prepared by the method of Chitwood and 
Reed (3). The picrate melted at 203-—203.5°; 205° reported (3). 

Pilocarpine was supplied by Merck and Company as the hydrochloride. 
The benzimidazoles, histidine, and histamine were supplied by the East- 
man Kodak Company. 


Acid-Base Dissociation Constants of Imidazoles in 23.3 Per Cent Ethanol 


Increasing amounts of 0.02 n KOH (prepared with CO,-free alkali from 
potassium amalgam) were added to a series of aliquots of an acidified 
solution of the imidazole base. All samples of the series were brought to 
30° and, upon dilution to the same volume, contained 0.01 mM imidazole 
base, 23.3 per cent (weight basis) ethanol, and KCl to bring the ionic 
strength to 0.2 calculated on the basis of an aqueous solution. The pH 
was determined in the same manner as for non-alcoholic solutions and the 
recorded values are based on the observed electrode potentials. Equa- 
tions of the type pH = pK,’ + log [B]/[HB*] were fitted to the data for 
these discontinuous titrations by the method of Reed and Berkson, as 
described in Paper I of this series (5). : 
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In three cases it was necessary to estimate values of pK’ for solutions 
with 23.3 per cent ethanol, ['/2 = 0.2 at 30°. These estimates were made 
as follows. 

Having the values pK = 6.95 (water, '/2 = 0, 25° (17)), and pK’ = 
6.89 [23.3 per cent ethanol, ['/2 = 0.2, 30°] for imidazole, we applied the 


TABLE I 
Values of Ionization Exponents of Imidazoles 


Unless specified otherwise, a value pertains to the imidazole ring. Standard 
used in this investigation, 0.05 m KH phthalate, pH 4.01 at 30°. 


Values in 23.3 per cent (weight basis) ethanol, 30°, '/2 = 0.2 


Compound | pKa’ | Compound | pKa’ 
Imidazole 6.89* 4(or 5)-CH.2OH imidazole 6. 32T 
1-Methylimidazole 7 .27T 4(or 5)-COO- imidazole 6.08* 
4(or 5)-Methylimidazole 7 4(or 5)-COOEt imidazole 3 .66* 
2,4,5-Trimethylimidazole 8.86* 4(or 5)-Br imidazole 3.60* 
Histamine 5.98* Pilocarpate 7.41* 


Values in aqueous solutions 


Conditions Bibliogra- 
Compound pKa! | pKe | Phic tel 
r/2 No. 
4(or 5)-Methylimidazole................... 25 (0 7.52 | (17) 
4(or 5)-Hydroxymethylimidazole........... 25 (0 6.38 | (17) 
Histidine (—NH;*).................... 9.17 (7, 19) 


* This investigation. 
{t Estimated; see the text. 


difference (0.06) to the following values: pK = 7.52 (water, ['/2 = 0, 25° 
(17)) for 4-methylimidazole; pK = 6.38 (water, T/2 = 0, 25° (17)) 
for 4-hydroxymethylimidazole; pK = 7.33 (water, ['/2 = ?, 25° (9)) for 
l-methylimidazole. See Table I for the resulting estimates. 

These changes involve the unresolved effects of changes of temperature, 
solvent, and ionic strength, the last two effects being compensatory to 
some degree. The uncertainties of the values here estimated probably are 
not much greater than the discrepancies among the few, published, ioniza- 
tion constants of imidazoles. In particular the value 7.33 for 1-methy]- 
midazole, quoted by Cohn and Edsall (7), is really a pK,’ value calcu- 
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lated with Dedichen’s (9) value of Ks, which he obtained from uncorrected 
conductivity data. 

This device cannot very well be applied to systems containing histidine 
or pilocarpate which have ions of types that differ from those of the simple 
imidazoles mentioned above. 


Hydrolysis of Pilocarpine to Pilocarpate 


Inasmuch as the lactone ring of pilocarpine undergoes hydrolysis rapidly 
at high pH and very slowly near pH 7, it was necessary to use hydrolyzed 
pilocarpine to be sure of the use of a uniform species. 

To provide a basis for judging the time required for practically complete 
hydrolysis of the lactone ring, crude kinetic studies were made by a 
method similar in principle to that described by Cohen ef al. (6). A 
potentiometer was set at a point corresponding to a selected pH. The 
rate of addition of alkali necessary to hold this pH, as determined by the 
response of a glass electrode, permitted the calculation of the rate of for- 
mation of carboxyl ion. The data conform to the postulate that hydrol- 
ysis is catalyzed by the hydroxyl ion which forms a critical complex with 
the lactone. This postulate leads to log [P]o/[P]. = k’ [OH-] (¢ — &) 
for the condition that [OH~] is constant in any one experiment. [P] is 
the molar concentration of pilocarpine. The average value of k’ for ten 
experiments in the range pH 10.87 to 12.07 was 6.6 at 30°, concentration 
being molar, time in minutes, and pK,’ = 13.73. Thus the times required 
for 99.99 per cent hydrolysis under the conditions used are approximately 
54 hours at pH 10, 5.4 hours at pH 11, and 32 minutes at pH 12. In 
order to avoid complications all solutions of pilocarpine before use were 
submitted to conditions leading to practically complete hydrolysis of the 
lactone. 


Notes on Spectra 


The absorption spectra of ferrimesoporphyrin and of any one of the 
coordination complexes are distinctly different. There being no distinct 
evidence of intermediates among the complexes with imidazoles, we tenta- 
tively have treated the optical data, usually at 526 my and 596 my, as if 
there were two species, metalloporphyrin and complex. Details of treat- 


q _ Ment are given in previous papers (5, 25). 


Joan Keilin (16) has described changes of absorption spectra of solutions 
of porphyrins and ferroporphyrins induced by caffeine, ethanol, and cer- 
tain detergents, and of solutions of porphyrins induced by pilocarpine 
and 1-methylimidazole as well as by caffeine. She ascribes the changes 
to an increased dispersion of aggregates and, at least in the case of caffeine, 
to a combination of the agent with the porphyrin moiety. Comparable 
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effects are not rare. For example, Weil-Malherbe (29) found that caf- 
feine and other purines increase the solubilities of hydrocarbons in water. 
However, Keilin’s observations emphasize the possibilities that a change 
in state of aggregation or combination at a site other than the iron atom 
might account for the action of imidazoles on iron porphyrins. In order 
to explore these possibilities it was necessary to compare the phenomena 
associated with the caffeine effect with those on coordination of imidazole 
bases with iron porphyrins. 

We have confirmed Keilin’s observation of the action of caffeine on the 
absorption spectrum of mesoporphyrin solutions and have observed qual- 
itatively similar spectral shifts in ferrimesoporphyrin solutions. The 
changes of optical density on adding progressively greater proportions 


TABLE II 
Maxima in Absorption Spectra of Ferrimesoporphyrin and of Representative Imidazole 
Base-Ferrimesoporphyrin Coordination Complexes 
Sm = 7.5 X 10°' M; pH 9.0; ionic strength = 0.65; solvent, 23.3 per cent ethanol; 
buffer, borate; temperature, 30°. 


Coordinating base my 10% my «X 103 mu ex 104 
9.61 402.5 139 | 345.5 | 28.8 
Pilocarpate............. 527 9.70 403.0 133 345.5 29.2 
| S27 | 9.40 402.0 137 «345.0 28 .2 
| §26 | 9.40 402.5 140 | 345.5 32.5 
| 506 | 5.88 | 483 | 8.12 | | 


« = D/CL, where D is the optical density, C is the concentration in moles per liter, 
and L is the length of optical path in cm. 


of caffeine to mesoporphyrin or to ferrimesoporphyrin gave a curve re- 
lating optical density to log [caffeine] that crudely resembled a curve for a 
reversible chemical process. With 7.5 & 10-5 M mesoporphyrin in 0.1 
borate buffer at pH 9.0, half the maximal change of about 0.14 optical 
density unit at 537 my occurred at a ratio, [caffeine]/[mesoporphyrin] = 
12. Under the same conditions, half the maximal change of about 0.15 
density unit at 595 my occurred at a ratio, [caffeine]/{ferrimesoporphyrin]| 
= 12. Such ratios vary as the concentrations of porphyrin or metallo- 
porphyrin are changed. 

No ‘‘caffeine effect”? was found on addition of pilocarpate or 1-methyl- 
imidazole to mesoporphyrin solutions. Instead, there was increasing ag- 
gregation as the amount of pilocarpate was increased. The spectral peaks 
shifted to higher wave-lengths and there was an over-all increase in ap- 
parent optical density uncorrected for scattering but no sharpening of the 
peaks. (A similar shift of peaks to higher wave-lengths with increasing 
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aggregation was observed by D. Keilin (15) for hematin.) This slow 
transformation was accompanied by cloudiness and often led to actual 
precipitation of the porphyrin. Similar changes may be brought about 
by such diverse agents as amino acids, aliphatic amines, and other ion- 
izable compounds, and even by vigorously shaking an aqueous borate- 
buffered solution of mesoporphyrin. 

In sharp contrast with the above phenomena are observations on the 
coordination of imidazole bases with ferrimesoporphyrin. | 

(a) Caffeine does not greatly alter the spectrum of ferrimesoporphyrin 
nor pilocarpate the spectrum of mesoporphyrin when in 23.3 per cent 
ethanol. Imidazole bases in 23.3 per cent ethanol change the ferrimeso- 
porphyrin spectrum to that typical of the coordination complex and the 
equilibrium constant is of the same order of magnitude as in aqueous 
solution. 

(b) The spectral change on coordination with imidazole bases is drastic 
(Table IT), in contrast with the relatively slight shifts of peaks encountered 
with caffeine. 

(c) The coordination of imidazoles with ferrimesoporphyrin is a rapid 
reaction, while aggregation of porphyrins by pilocarpate is slow and ends 
in precipitation. 

These actions of caffeine on porphyrins and metalloporphyrins and of 
pilocarpate on porphyrins are distinctly different from the action of imid- 
azole bases on ferrimesoporphyrin and cast no doubt on the assumption 
that the iron atom is involved in the latter combination. If an imidazole 
induces a change other than that associated with the formation of a coordi- 
nation compound, the consequent error in ignoring it must be small and 
should be counted among those numerous, relatively minor factors which 
we are conscious of having ignored throughout this series of papers. The 
wide variation of the diffusion coefficients of ferriprotoporphyrin induced 
by change of pH or ionic strength (see Shack and Clark (25)) is indicative 
of the ease with which the degree of dispersion is altered. On the other 
hand extensive experience in formulating equilibria as determined by both 
electrometric and spectrophotometric measurements indicates that only 
dimeric units in what is probably a polydisperse system exhibit energies 
of association sufficient to be taken into consideration in roughing out the 
principal relations. 

It may be well to keep the record clear by reemphasizing a matter of 
policy. Relations are described in the simplest terms consistent with data 
of various sorts, due weight being given to the more critical tests. The 
authors of the papers of this series have made no claim to contribute more 
than that fair roughing out of gross relations which seems essential as a 
prerequisite to any final analysis of why it is that these stubborn systems 
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persistently show small, erratic deviations from relatively simple formu- 
lations while conforming to a general pattern. 


Formulations of Equilibria and Tests Thereof 
Principal Symbols 


M represents ferrimesoporphyrin (minimal molecular weight) 

[MM] or [(MOH).] = concentration of a dimer in formula weight per liter solution 

Sm = concentration of total metalloporphyrin, combined and uncombined, expressed 
in terms of minimal molecular weight per liter solution 

[L] = molar concentration of uncombined ligand, e.g., imidazole | 

St = molar concentration of total ligand, combined and uncombined 

S.t.s = molar concentration of total ligand at which metalloporphyrin is half satu- 


rated 
8 = fraction of metalloporphyrin combined with ligand 
a = fraction of a specified proton donor converted to conjugate acceptor 
K,’ = apparent ionization constant of a proton donor 


(a) Relation of Degree of Coordination to Concentration of Ligand at High pH 


For purposes of orientation we consider first the equilibrium in solu- 
tions of high pH at which, we may assume, there is but one species of 
metalloporphyrin and one species of the coordinating compound. In 
anticipation of a conclusion, formulations are simplified by assuming one 
species of the complex and no appreciable intermediates. The over-all 
process is postulated to be (A). 


(MOH), + bL + aH* + aH,0 (A) 


L, any ligand, is one of the imidazoles in the present cases. (MOH), is 
that unit in the aggregated metalloporphyrin (25) in which the bonding is 
sufficiently strong to require recognition for present purposes. Previous 
papers of this series (4, 8, 25) have provided abundant evidence that a 
ferriporphyrin in alkaline solution contains 1 hydroxyl ion (or its equiva- 
lent) per iron atom. It is artistic to assume that this arises by the strip- 
ping of a proton from 1 of the water molecules coordinated with the iron in 
neutral solution. Having no proof of the participation of water and not 
having devised experiments to test the effect of changing the activity of 
water, we omit water from constitutional formulas and the activity of 
water from equilibrium equations, assuming this activity to be unity. 
We operate in a region of pH where the carboxyls of the porphyrin may be 
considered to be completely ionized* and focus attention on the coordina- 


3C. C. Porter (Dissertation, The Johns Hopkins University (1941)), working with 
very dilute aqueous solutions of ferricoproporphyrin I, obtained evidence that the 
buffering effect of the four carboxyl groups is in a region of pH distinctly lower than 
that produced by the ionization of the group coordinated with the iron, the ratio of 
equivalents being 4:1. 
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tion center where the net charge will be zero for the unit MOH, three 
positive charges being attributed formally to ferric ion, a negative charge 
to each of 2 nitrogen atoms, and one negative charge to OH-. Typog- 
raphy is simplified in this and other cases by omitting charge signs. 


[(MOH).] _ 
(MaL.| 


Brackets represent concentrations in formula weight per liter of solution. 
Activity coefficients are neglected except that the hydrogen ion activity, 
represented by (H+), is included because it is approximated by the elec- 
trode measurements. 

For alkaline solutions only, define — 


K (1) 


Sm = a{[(MOH).] + d{MaL,] (2) 
and 
d{MaL,] 
(3) 
where S, is in terms of minimal molecular weight per liter of solution. 
Si = (4) 


The approximation (4) is justified by the finding that if e[MaL,] were 
included in equation (4) it would make very little difference provided e 
is of the order of 2. In other words, the bonding is so weak that a large 
excess of ligand is necessary to approach saturation of the metallopor- 
phyrin. A matter of greater potential importance is the neglect of pos- 
sible aggregation of a ligand. With the above relations derive 


(1 B)Sm ak 


d°S,>(H*)2 (5) 
When S,, and (H+) are constant, 
A 
= (6) 


where A is a constant. 
In Fig. 14 are shown tests of equation (6). Values of 6 were calculated 
for measurements of optical density by use of 


D— Do 


— Dy (7) 


B = 


‘ In this case D, was determined by extrapolation; in other cases by using a large 
excess of ligand. 
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where Dy is the optical density when only meitalloporphyrin is present, 
Dz is the optical density when the complex is complete, and D is any inter- 
mediate density. In case the correct values of c and b in equation (6) 
were chosen, it would not be necessary to determine Dy and Dz, experi- 
mentally; they can be evaluated by use of intermediate data by the 
method of Reed and Berkson, one formulation of which is givén in Propo- 
sition XIV of Paper I (5) of this series. 

Neglecting detail for the moment, we may say that in all cases the 


FERRIMESOPORPHYRIN 
pH 8.9 PH9.5 PHB. / 
“\B 4 
“3 LOGS. -2 LOG Si 
Fie. 1 Fig. 2 


Fic. 1. Coordination of 4-CH.,OH imidazole with ferrimesoporphyrin. Condi- 
tions, solvent 23.3 per cent (weight basis) ethanol in water, 30°, borate buffer, I'/2 
= 0.2, pH 9.1 (water system). Total ferrimesoporphyrin 7.5 X 1075 M, A = 526 mu. 
@, experimental points. 8 calculated with equation (7). Curve 1 calculated for 
log B/(1 — B) = 1.72 + log SL; Curve 2 calculated for log B/(1 — 8) = 3.44 + 2 log §,; 
Curve 3 calculated for log 6?/(1 — 8) = 6.54 + 4 log S.. 

Fic. 2. Comparison of abilities of three bases to coordinate with ferrimeso- 
porphyrin. 30°. Theoretical curves for M + 2B = MB, are not committal. Data 
shown by points. Pilocarpate, S, = 1.02 X 10-5 M; nicotine, S, = 1.2 K 1074 M; 
pyridine, Sn = 1.0 X 10-5 Mo. 


curves relating 6 to log S, are of such contours as to indicate (1) that there 
are no clearly defined steps in the addition of ligand; (2) that the final 
product contains two units (molecules ?) of ligand per unit (molecule ?) 
of metalloporphyrin. 

Of course, the kinetic point of view would lead one to expect stepwise 
addition of ligand, although it is not rare to find the individual equilibrium 
constants so related that steps are obscured in data on equilibria. The 
trend in almost all cases has een toward better conformity with the shape 
of Curve 2 (Fig. 1), which is for the case in which ¢ = | and b = 2 in 
equation (6), rather than conformity with the shape of Curve 3. Curve 
3 is drawn for the case in which c = 2 and b = 4. We shall be led to 
adopt the latter formulation presently, so that at this point it is well to 
note the following. 
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It is possible that, if b = 4, Curve 3 might be elongated toward Curve 
2 by the formation of intermediates in small proportion. The experi- 
mental method now under discussion would provide no certain means of 
testing this. In evaluating c by this type of experiment the critically 
important data are at the higher concentrations of ligand. Here it be- 
comes the more difficult to preserve the same thermodynamic environ- 
ment. Furthermore, if there be an equilibrium between monomeric and 
aggregated ligand and only the former can coordinate with the metal- 
loporphyrin, there can be an equilibrium constant such that the available 
ligand becomes progressively a smaller proportion of the total as the con- 
centration of the total increases. Several additional sources of slight 
discrepancy, which might well be additive, could be mentioned, among 
them the difficulty of evaluating the contribution of the energy required 
to break what appear to be very weak bonds of the higher aggregates of the 
metalloporphyrin. 

In Fig. 2 are shown some data for systems containing different ligands. 
The cases are not strictly comparable because the conditions varied some- 
what from case to case but the variations of conditions were not such as to 
obscure the gross differences. 


(b) “Dilution Test” 


A critical test of whether or not the metalloporphyrin, presumably 
dimeric, is split on addition of ligand is the ‘“‘dilution test.” 

On the basis of tentative conclusions drawn so far, let us assume that 
equation (1) can be written in the simplified form of equation (8) 


|(MOH).] (LI(H*)? 
8) 


Modify equations (2) and (3) accordingly and derive equation (9) 
0.5(1 — B)Sm K 


(9) 
When S,; and (H*) are constant but S,, is varied 


A log 


In Fig. 3 are shown cases in which applications of this dilution test yield 
slopes reasonably close to 2.0, as demanded by equation (10). This being 
a critical test, we give more weight to it than to deduction from the con- 
tours of curves such as are shown in Figs. 1 and 2. 

The conclusions so far are as follows: (1) The final product contains 2 
units of ligand per iron atom. (2) Intermediates, if formed, are sufh- 
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ciently unstable so that the evidence is obscured. (3) The over-all re- 
action involves the splitting of dimeric metalloporphyrin and the forma- 
tion of a monomeric complex. 

Further evidence for conclusion (2) is found in the fact that the absorp- 
tion curves at 0, 30, 70, and 100 per cent saturation of ferrimesoporphyrin 
with pilocarpate showed three isosbestic points at 386, 490, and 578 mu. 
Ordinarily this is presumptive evidence of only two absorbing species, 
but it is possible that an intermediate might have an absorption coeffi- 


LOG (1- B) Sm 


-5,5} 


LOG (1- B)S, 

Fig. 3. Test of process M; + 4L = MIL, by dilution effect. Slope of theoretical 
lines (A log (1 — 8)Sm)/(A log 8Sn) = 2. 30°. X, pilocarpate 6.75 K 10-3 M; ferri- 
mesoporphyrin varied from 1.5 X 10-* m to 2.0 X 10-5 M; borate buffer, pH 8.9; I'/2 
= 0.25. O, pilocarpate 0.12 m; ferrimesoporphyrin varied from 2.75 X 1075 M to 
1.5 X 10-4 mM; borate buffer, pH 9.0; /2 = 0.25. @, histidine 0.045 m; ferrimesopor- 
phyrin varied from 1.3 K 10-5 m to 1.75 K 10-4 M; histidine buffer, pH 8.9; 1/2 = 0.1. 


cient so related to those of the initial and final products as to render this 
test deceptive. (See later remark.) 


Ionization of Ferrimesoporphyrin 


Previous papers of this series have included abundant evidence that | 


hydroxy] ion, or its equivalent, is associated with each iron atom of a fer- © 


riporphyrin in alkaline solution. A matter that will not affect the treat- 
ment of relations at high pH, but that will at low pH, is the question of 
how to treat the process by which the hydroxyl ion is removed or con- 
verted to an associated water molecule and the question of the value of 
pH at which the transformation is half complete. The very low solu- 
bilities of ferriporphyrins near pH 7 and below and the small difference 


between the absorption coefficients of the two species militate against 


comprehensive and precise studies of these questions. Clark and Perkins | 
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(4), using a limited supply of the somewhat more soluble ferricopropor- 
phyrin, obtained a set of data that aligned surprisingly well in view of the 
fact that the spread of optical densities involved in the transformation 
was only about 0.2. They estimated a half transformation point at pH 
7.44 at room temperature. A repetition of the experiment at 30° in this 


laboratory by Porter’ led to the value pH 7.0, but with discrepancies at 


the higher pH values, which, if they could be resolved, might have led to a 
higher estimate. 


Shack and Clark (25) found a half transformation point 
at 7.6 for ferriprotoporphyrin but some discrepancies at lower pH values 
In all of these cases the trends of the 


- data have been to conform with curves for a simple proton donor-acceptor 


mee 


"ep 


PH 8 
Fic. 4. Relation of pH to degree of transformation of ferrimesoporphyrin. 30°. 
Theoretical curve for pH = pk + log a/(1 — a) (see the text for alternative inter- 
pretations). Total metalloporphyrin 1.87 K 10-5 M;\’ = 607 my. @, phosphate 
buffers (aqueous); '/2 = 0.05; pk = 7.01 calculated. ©, phosphate buffers (23.3 
per cent ethanol); '/2 = 0.2; pk = 6.99 calculated. P indicates visible precipitate. 


é system. With ferrimesoporphyrin under the conditions specified in the 
legend of Fig. 4 we find the same trend. 


It is worth noting that, until buffer solutions of the lower range of pH 


_ were used, an optical density would remain with little change over a 
_ period of a half hour or so, as if such solid phase as might be forming had 
little effect on changing the absorption until it began to settle out or ag- 


: glomerate into larger particles. 
- curve” to the lower values of pH, we noted large changes of optical density 


On attempting to extend the “titration 


which occurred promptly in some cases and slowly in other cases. Then 
the data became quite irregular and were rejected. A few such points 
are indicated by the P’s in Fig. 4. For Fig. 4 the optical data have been 
analyzed by the method of Reed and Berkson (see (5)) and have been 
plotted as a versus pH. The theoretical curve, with which the data con- 


: form reasonably well under the circumstances, is defined by pH = pK,’ 


+ log a/(1—a). The estimated values of pK,’ were: 6.99 (23.3 per cent 


j ethanol, phosphate buffers, '/2 = 0.2, total metalloporphyrin 1.87 xX 
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10-° m); 7.01 (aqueous phosphate buffers, ['/2 = 0.05, total metallopor- 
phyrin 1.87 X 107° mM); 6.94 (23.3 per cent ethanol, phosphate buffers, 
r/2 = 0.1, total metalloporphyrin 1.57 1075 Mo). 

The fact that all previous and present data conform with the curve for 
a simple proton donor-acceptor system may seem to be in conflict with 
evidence that ferriporphyrins contain dimeric units: in what is probably a 
polydisperse system. As is well known, a complex acid having n groups 
of the same kind will give an electrometric titration curve as for n simple 
acids of identical properties, the form of the curve being that of a simple 
system, if there be no electrostatic interaction between parts of the com- 
plex acid (20). In view of the possibility that an intermediate may have 
a distinctive absorption coefficient, the propositions on which this theo- 
retical deduction is based may have to be supplemented by the following 
additional postulates to yield the same result when spectrophotometric 
measurements are used. 

Let an absorption coefficient, €9, be ascribed to the group M whether 
this group appears in one or another of the species formulated in equation 
(11) and let an absorption coefficient €, be ascribed to the group MOH 
for each of the specified species. For a cuvette of 1 cm. length we have 


D = e(2{(MOH).] + [HOMM] + [MMOH)})) 
+ «({HOMM] + [MMOH] + 2{|MM)})) 


[((MOH).|\(H*) [((MOH).|(H*) {HOMM](H*) 
{HOMM) {MMOH} [MM] 


= ka, ete. (12) 


Use “intrinsic”? (26) or ‘‘microscopic” (13) constants of the type shown by 
equations (12). 
Assume that no interaction between parts is expressed by the equivalence 
of the microscopic constants, which will now be represented by k. 
Define 


S, = 2[(MOH),] + 2[HOMM] + 2{MMOH] + 2{(MM] (13) 


and 
D — Dy 
14) 


reach 


(15) 


pH = pk + log — 


an 


th 
where D, is the optical density when k > (H+) and Dy is the optical den- 
sity when k < (H+), the value of S, being constant in any one experiment f 
and the cuvette being of 1 cm. length. With these relations one wil f 
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which is the equation relating pH to degree of ionization of a simple acid. 
Such is the form of the theoretical curve in Fig. 4. 

The two sets of postulates, no electrostatic interaction, which is ex- 
pressed by equivalence of microscopic ionization constants, and no unique 
absorption coefficient for intermediates, are consistent. If the first is 
applicable, the second might well be applicable. 

The particular experimental method under consideration cannot, itself, 
provide a decision on whether the data represented in Fig. 4 indicate com- 
plete dispersion and behavior of a simple proton donor-acceptor system or 
can be accounted for by the treatment given above. The theoretical treat- 
ment reveals only a possibility that the data are not necessarily in conflict 
with other sorts of data, the formulation of which has forced the assump- 
tion of dimeric units. 

There is a third possibility. Accepting the cumulative evidence, pre- 
sented in previous papers, that in alkaline solution a ferriporphyrin con- 
tains 1 hydroxyl ion (or its equivalent) per iron atom, we may visualize 
the dimer as having had 2 protons removed from coordinated water mole- 


cules. Fig. 4 might then represent the replacement of 1 of the 2 protons. 


Under certain conditions this might lead to AE,’/ApH = —0.03 at pH 


-yalues less than 6. This gratuitous suggestion cannot be tested ade- 


quately because of the extremely low solubilities of the components of 


| the system and it would require readjustment of some other postulates. 


We have then an example of limitations set both by the properties of 
he system and by the capabilities of the methods. 


(d-1) Tests of Effects of Change of pH 
With the assumption that the theoretical treatment in the first part of 


section (c) is valid, one can reach equation (16) by use of equation (13) 
- and the common microscopic constant k in equations (12). 


0.58 
[k + (H*)P 


((MOH),] = (16) 


— Retain equation (8) for purposes of orientation and incorporate therein 
both equation (16) and the following, which pertain to the ionization of 
_ the imidazole ring of one or another imidazole. 


[L](H*) 


(17) 


= + |LH*] (18) 


15) | See the previous note on equation (4) regarding the practical validity of 


neglecting in equation (18) the ligand combined with metalloporphyrin. 
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Define P 
Sm = Su. + (19) 
_ 


B 


0.5(1 — 8) : k 
g = log A + log Su — 4 log Si 2 log FH) si 


(21) 


K 
: 2 pH at 
K,’ + (H*) tk 


— 4 log 


Equation (21) was tested as follows: In each of a series of experiments 
comparable to those represented in Figs. 1 and 2 there was selected the 
value of log S; (hereafter designated by log S,.5) at the mid-point of the 
sigmoid curve. In the more alkaline solutions it may be assumed reason- 
ably that at such a point 6 = 0.5. At pH values near the value of pk 
there will be at least two species of metalloporphyrin, but in each instance 
the ratio of their concentrations will be constant by reason of constant pH 
in any one experiment so that the base-line of optical density is fixed. 
If we assume but one species of complex, there is a possibility that the 
mid-point of a curve again approximates the condition that 8 = 0.5. This 
will be assumed tentatively. ; 

The experimentally determined relation between log S,.5 and pH is ’ 
shown in Fig. 5 for each of four cases. 

When §,, is constant, 8 = 0.5, (H+) « k, and (H+) < K,’, equation (21) 


reduces to equation (22). eV 
th 
4 log Sit.s = log K + log Sm + 2 pH (22) § es 


Equation (22) gives the branch of the curve relating log Sz.5 to pH at 


high pH, the slope of this branch being defined by equation (23), of 
is 

A log Sx.s 

= 05 (23) (1 

When 8, is constant, 8 = 0.5, (H+) > k& and (H+) > K.’, be 
4 log Sp. = log K + log S, — 2log k — 4log K.’ — 4 pH (24) F be 


This gives the branch of the curve at low pH, the slope of the branch being 
defined by equation (25), 


A log 
ApH 


—1.0 (25) 
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Projection of these two linear branches intersect where 


pk + 2 pK,’ 
3 


At high pH the experimental points fall near enough to the branch defined 
by equation (22) with slope defined by equation (23) to justify the con- 
cdusion that one requirement of equation (21) is satisfied in each of the 
four cases depicted in Fig. 5. Also high pH is the condition for relatively 
simple relations. 

At the extreme lower pH values there are experimental uncertainties 
attendant upon the very low solubilities of the components. In addition 
there are the possible complexities of equilibria already mentioned. How- 


(26) 


pH = 


6 ? 8 9 10 1] 

Fic. 5. Relation of log S_.; to pH. Aqueous solutions. Sz,.; = concentration of 
ligand required for half saturation of 7.5 X 10-5 m ferrimesoporphyrin. IMID. 
= imidazole; PILO. = pilocarpate; HIST. = histidine; BROMO = 4(or 5)-bromo- 
imidazole. See the text. 


ever that may be, the arbitrarily selected mid-points of the curves show 
the trend toward the slope defined by equation (25) in the cases of imid- 
azole, pilocarpate, and histidine, as expected. 

This upturn of the left-hand branches is attributed to lack of ability 
of an imidazole ring to coordinate with ferrimesoporphyrin when the ring 
is already coordinated with a proton. This conclusion justifies equation 
(19) which does not include a complex between ferrimesoporphyrin and 
LH*+. If the —NHg: group of histidine, as well as the imidazole group, 
be able to combine with the ferriporphyrin, it would appear that the 
—NH;+ of histidine cannot coordinate appreciably ; otherwise there should 
be no upturn of the curve at low pH. 

In view of the limitations of the spectrophotometric method one hardly 
can expect to develop a satisfactory, testable equation for the whole course 
of the curve in the case of histidine. Within certain regions of pH there 
are at least three species of histidine. There is the possibility that the 
ionization constant of the amino group is modified when histidine enters 
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the coordination complex and there is the probability that the amino 
group as well as the imidazole ring coordinates to some degree. There- 


fore it is hardly worth while to present elaborate equations. Suffice it to Ff 


say that the curve in Fig. 5, which runs fairly close to experimental points, 


was calculated with the assumptions used in reaching equation (21) plus 
two additional assumptions: (1) that combination with the imidazole ring 
so predominates over combination with the NH: group that the latter can f 
be neglected; (2) that the value of pK,’ for the amino group of histidine is f 


lowered from 9.17 to 8.5 when histidine is combined with the metallo- 


porphyrin. Without the latter assumption no conformity to the data was f 
obtained in the pH region 7.5 to 9.5. Of course, if it be agreed that con- : 
formity of the theoretical line to the data is reasonably good, the con- f 
formity does not necessarily support the premises, for in this case there 
are, obviously, other possible accounts. The theoretical line does, how- | 
ever, help the eye to detect complications in the region of pH near the} 


value of histidine’s pK,’ which pertains to its amino group. 


The value of pk being the same, differences between the minimal points 
of the curves are related to the respective values of pK,’. See the sugges- f 
tion of this in equation (26) and the arrows in Fig. 5 indicating the ref 


spective values of pK,’. 


The minimal value of log S,.5 in the case of 4(or 5)-bromoimidazole is | 
calculated to be 4.7, pK.’ being 3.6. In this case there should be a wide} 
range of pH within which k < (Ht) <« K,’, and, were these conditions to > 
be fulfilled, there should be no variation of log S,.5 with pH. With af 
limited amount of material we were able to determine points at pH 9.1} 


and 6.47. Because of low solubilities it is doubtful that points at pH 
values very much lower than 6 can be determined with sufficient precision 
to confirm the prediction given above. The point at pH 6.47 agrees 


fairly well with the theoretical curve drawn to run through the point at | 


pH 9.1 (see Fig. 6). This and the lack of that upturn which is shown by | 
the other curves at low pH are presumptive evidences supporting the pre- | 
vious conclusion that when the metalloporphyrin loses a hydroxy] (as by | 
acquisition of a proton to form coordinated H,O) the competition ceases. 

It should be noted that had the dilution effect cited in section (b) not | 
led to the postulation of a dimer, which is split to form a monomeric com- | 
plex, the simpler formulation [¢ = 1, b = 2] also would lead to curves o * 
the type shown in Fig. 5, having branches with slopes of 0.5 and —1.0.— 
On the other hand, the simpler formulation would lead to an equation — 
comparable to equation (21) with the term log S,, eliminated, and it i ~ 


only by retaining this form that reasonably consistent values of log K are) 
obtained with different concentrations of total metalloporphyrin. This i ~ 
another form of “dilution test” which has not been investigated thoroughly. 
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(d-2) Another Test of Competition 


There can be chosen such fixed concentrations of metalloporphyrin and 
ligand that practically no combination will occur at high pH and prac- 
tically complete saturation of metalloporphyrin with ligand will occur at a 


' lower pH, not low enough to cause appreciable coordination between the 
- jmidazole ring and a proton. 


When k > (H+) < K,’ (conditions A), equation (21) reduces to equation 


(27) 


] 
S.' 


-} and when S, and S, are constant, the first term on the right of equation 


PROTO? ESO 


a 
4r Ny 


8 pH 9 10 | 
Fic. 6. Theoretical curves for log (0.5 (1 — 8))/8? = log (KSn/Sz*) + 2 pH and 
relation thereto of experimental data. 8 = [ML2]/Sm. Mid-points determined by 
log K = 4 log Si.5 — log S; — 2 pH. @, ferrimesoporphyrin and pilocarpate; 30°; 
aqueous; S, = 7.5 X mM; = 2.5 X 1/2 = 0.1; log K = —21.88; mid- 
point, pH 9.8. O, ferriprotoporphyrin and pilocarpate; 30°; aqueous; S, = 1.23 
X 10-5 mM; = 2X variable; log = —21.01; mid-point, pH 9.56. 


: (27) is a constant. When 8 = 0.5 we have equation (28) 


log K = 4 log St — log S,, — 2 pH (28) 


. In Fig. 6, in the case of the meso compound at pH 8.55, k/(H*+) = 355 and 
_ K.'/(A*) = 140 so that conditions A were closely approximated even for 
‘| the point at the lowest pH. 


hot _ The curves in Fig. 6 conform to equation (27) and by means of equation 
2 — (28) log K was calculated to be —21.88 for pilocarpate and ferrimeso- 
porphyrin and — 21.01 for pilocarpate and ferriprotoporphyrin, in aqueous 
solutions. 


It is worthy of note that each of the curves in Fig. 6 is of a type that 
might lead one to assign an ionization constant to some component of the 


_ system, whereas equation (27) shows that the constant AS,,/S.! which 


has been used is composite, and itself contains no ionization constant 


5 except as is implied by AK (see equation (8)). We do not preclude an- 
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other formulation; that used is adequate and sufficient in these particular f 


cases but perhaps only for the range of conditions used. 


We may conclude from the experiments cited in sections (d-1) and (d-2) F 
that (1) there is competition between an uncharged imidazole ring and } 
OH-— for position in the coordination shell of ferrimesoporphyrin, which } 
ceases when the metalloporphyrin acquires a proton, perhaps converting f 
the OH- to coordinated H2O, which is easily replaced; (2) when the imid- } 
azole ring acquires a proton it ceases to coordinate with ferrimesoporphyrin. § 


Comparison of Coordinating Abilities of Imidazoles 


The “coordination center” of ferrimesoporphyrin may be regarded as f 
acidic in the classical sense if it be coordinated with water molecules from : 
which 1 or more protons can be transferred to a proton acceptor. It also f 
can be considered to be acidic in the sense of G. N. Lewis’ general definition F 
of an acid in that the “iron” can provide orbitals receptive of electrons : 
for the formation of bonds with water, hydroxyl ion, cyanide ion, imid- } 
azole, or such other “‘base”’ as may provide electrons for the orbitals par. | 
ticipating in bond formation. Inasmuch as the classical acid and _ base 
then fall into a special class of Lewis’ “acids” and “‘bases,” it would appear — 
that the “competition” between hydroxyl! ions and an imidazole discussed 
in sections (d-1) and (d-2) can be treated in Lewis’ terms. In this instance, : 
however, we are forced to use measures that are the more directly related > 
to the several operations. As an indirect, relative measure of the ability é 
of an imidazole ring to coordinate with protons we have used the ap- | 
parent pK,’ at ionic strength 0.2 with the assumption that the participa- | 
tion of water will be the same in each case. As an arbitrary measure of | 
the ability of an imidazole to combine with ferrimesoporphyrin we have s 
used that value of log S; (designated by log S,.5) at which the metallo- | 
porphyrin is half saturated with ligand when the solvent is 23.3 per cent | 
(weight basis) ethanol in water, [/2 = 0.2, pH 9.1 (water standard), and 4 


total metalloporphyrin is 7.5 & 1075 M. 


Fig. 7 shows the results of plotting values of log S;,.5 against values of 


pK.’. The lines have been placed arbitrarily and without intending to — 
imply that a theoretical relation is necessarily linear. The solid line shows 
a linear relation between some of the points. Aside from possible errors q 
there are reasons for believing that there need not be a perfect correlation. : 
While the effect of substituents in shifting electron density and altering f 
dipoles should be reflected in each of the two measures, several factor 
operating differently in the two cases can be imagined. One factor that | 
doubtless would not affect addition of protons but possibly could affect | 
addition of metalloperphyrin is steric hindrance. The following com- F 


: 
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pounds showed no spectroscopic evidence of coordination with ferrimeso- 
porphyrin. 
2-Methylimidazole 
4,5-Dimethylimidazole 


2,4,5-Trimethylimidazole 
2-Methylimidazoline 


Benzimidazole 
2-Methylbenzimidazole 
2-Aminobenzimidazole 


In each of these cases both nitrogen atoms are adjacent to a carbon 
which carries a substituent. We suggest that such substituents hinder 
the approach of a metalloporphyrin. Another test would be in a com- 
parison of the coordinating abilities of 1,5- and 1,4-disubstituted imid- 
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Fic. 7. Relation of apparent ionization exponents, pK,’, to log Si.5. pKa’ refers 
to the imidazole ring. Sz.s = molar concentration of the ligand at which ferrimeso- 
porphyrin is half saturated; see the text for standard conditions. Imidazoles, (1) 
4(or 5)-Br; (2) 4(or 5)-COOEt; (8) 4(or 5)-COO; (4) 4(or 5)-CH.OH;; (5) imidazole; 
(6) 1-CH:;; (7) pilocarpate; (8) 4(or 5)-CHs. 


azoles. The only compounds of this kind which we had were pilocarpate 
and 1-methyl-4-imidazolecarboxaldehyde. Pilocarpate coordinates read- 
H H H 
O=C—C=—CH 
| 
N N—CH; CH: COO- N N—CH; 
| 
C C 
H H H 
Pilocarpate 1-Methy]-4-imidazole- 
carboxaldehyde 


ily. The 1,4-disubstituted compound gave no evidence of coordination 
until present at a concentration 250 times that estimated for a compound 
of its estimated value of pK,’. Even the observed coordination could 
be accounted for if there were present about 0.4 per cent of 1-methyl- 
5-imidazolecarboxaldehyde. 
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If steric hindrance plays a réle, certain purely statistical relations and 
those associated with the distinctions between tautomers and a resonance 
hybrid in each instance would have to be considered if one were to seek a 
perfect correlation between the strengths of bonding between imidazoles 
and protons, on the one hand, and ferrimesoporphyrin, on the other, by 
whatever measures are used. Having no means of evaluating these other 
factors, we prefer to leave the matter as exhibited in Fig. 7. 

We have used values of log S,.5 rather than values of log K because the 


TaBLeE III 


Calculated Values of Log K and Their Relation to pKa’ for Solutions Containing 23.3 
Per Cent Ethanol 


23.3 per cent ethanol solutions; I'/2 = 0.2. 


Substituent pKa’ Log SL,» Log K 7 
6.89 —2.30 — 23.36 + 0.12* —3.4 
4(or 5)-Methyl............ 7.46 —2.2 |—23.2 —3.1 
4(or 5)-CH.OH............ 6.32 —1.72 |—20.9 —3.3 
4(or §)-COO-.............. 6.08 —1.56 |—20.2 —3.3 
4(or 5)-COOEt............ 3.66 —1.18 /-—18.8 (—5.1) 
7.41 —2.23 {—23.0 —3.1 


Aqueous solutions 
Pilocarpate, log K = —21.88 
Histidine, = —20.5 + 
* Average of values by three, independent types of measurement. 
t Average of two values calculated with neglect of unknown factors. 


definition of K involves assumptions. However, substantially the same 
trend will be found if values of log K are plotted against values of pK.,’. 
The values of log K in Table III were calculated with equation (23) and 
data at the higher values of pH. 


Potentiometric Data 


As noted by Davies (8), the system ferrimesoporphyrin-ferromesopor- 
phyrin gives unstable potentials in aqueous buffer solutions. This may be 
attributed chiefly to the very low solubility of ferromesoporphyrin, causing 
its change of phase as it accumulates during a reductive titration, and toa 
lesser degree to accumulations of both components in froth if deaeration 
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is by bubbling nitrogen. With solutions containing about 23 per cent 
ethanol (somewhat variable because of different times of deaeration) the 
potentials were stable over periods sufficiently long so that rapid titrations 
yielded data adequate to test a few main features of the system but not 
the finer detail. 

A typical titration curve is shown in Fig. 8. The data were analyzed by 
Proposition XVI (5) and the assumption that n = 1, giving values of d 
and A and the value of the mid-point potential, Eo’. This permitted the 
placement of the experimental points in the form shown by Fig. 8. For 
comparison the curve of theoretical form for n = 1, shown by the solid 
line, is centered at the calculated value of Eo’. There is no doubt that n 
approaches 1. It should be noted, however, that almost inevitably the 
mathematical treatment will give weight to points that conform the more 
closely to the postulate used in rectification. Recognizing this we have 
not made those arbitrary adjustments of the values of d and A which an 


~ inspection of Fig. 8 will show might have brought about a better con- 


formity to the theoretical curve and we have not made such adjustments 
lest they obscure a slight departure indicative of experimental error or 
of more than experimental error. 

If the alcohol caused complete dispersion of both reduced and oxidized 
metalloporphyrin, n should be 1 as found, but we already have presented 
reasons for tentatively ignoring this possibility. 

If the postulate of dimers is retained, a description in terms of n = 1 
will hold if there be no appreciable interaction between units of either 
dimer. The mathematical treatment is omitted because it is lengthy and 
is easily developed with the usual use of microscopic constants. If no 
ligand is present, if pH is in the range where ferrimesoporphyrin contains 
1 OH~ per iron atom, and if activity coefficients are neglected, the equation 
with coefficients for 30° is equation (29). 


Ex = Eo + 0.06015 log — 0.06015 pH (29) 
Potentials are in absolute volts and y is the ratio of the concentration of 
reduced to the concentration of total metalloporphyrin. 

The solid circles of Fig. 9 show the loci of potentials when y = 0.5 
in relation to pH. The unbroken line has the theoretical slope AE/ApH = 
—0.06015, as demanded by equation (29). 

Here we have another case in which there is no necessary conflict with 
the assumption that both oxidant and reductant are dimers and an example 
of the limitation of the method in rendering a decision on whether dimers 
persist in the ethanol-water medium or the ethanol has caused complete 
dispersion. 
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By Proposition III (5) the potential at a given value of pH will increase 
on addition of ligand if the ligand binds more tightly to reduced than to 
oxidized metalloporphyrin and will fall if the reverse relation holds. In 
the present instance the potential falls, in contrast to the cases hitherto 
reported. In either case the potential becomes invariant with pH when 
the ligand is at such a concentration as to replace completely the OH- 
of the oxidant. In this case it was estimated that, if pH were less than 10, 


T T | T T T T T 

4 

Ot 

4 


4 
4 
3+ 
4 


Fig. 8 

Fie. 8. Relation of electrode potential E, (hydrogen standard) to degree of reduc- 
tion, y, of ferrimesoporphyrin at pH 9.53 (borate buffer). Approximately 23 per 
cent ethanol. Total metalloporphyrin = 1.7 X 10°‘ Mm. Reducing agent TiC]; in 
0.005 m KNa tartrate. Trace of indigodisulfonate as mediator. Solid curve, theo- 
retical for n = 1 with center placed by calculation. See the text. 

Fic.9. @, relation of potentials at centers of titration curves to pH values for the 
system ferrimesoporphyrin-ferromesoporphyrin in borate buffer solutions containing 
approximately 23 per cent ethanol. Total metalloporphyrin = 1.7 X 10-*m. Slope 
of line AE/ApH = —0.06015. O, relation of potentials at centers of titration curves 
for the system ferrimesoporphyrin-ferromesoporphyrin + 0.1 m pilocarpate. Con- 
ditions otherwise the same as specified above. 


0.1 m pilocarpate would be adequate to saturate the oxidant practically 
completely. While the mid-point potentials in Fig. 9 show some scatter 
from the line of zero slope (due perhaps to some variation in ethanol con- 
tent incident to different times of deaeration and in part to other experi- 
mental errors), the prediction appears to be satisfied. 

It should not be concluded that in the cases cited the reductant as well 
as the oxidant is saturated at 0.1 m pilocarpate. A spectrophotometric 
set of data suggests that nearly 1 m pilocarpate would be required to ap- 
proach saturation of ferromesoporphyrin, the value of log Sz, at half 
saturation being about —1.4. Because of the large variation of ionic 
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strength in this experiment, it is not worth while to attempt a rational 
description of the equilibrium. 

The relations undoubtedly are quantitatively different in aqueous solu- 
tion, but rough estimates made with aqueous solutions indicate the same 
type of relation. This is in contrast to that found by Barron (2) for the 
potentials of the iron protoporphyrin system (aqueous solutions) in the 
absence and presence of “pilocarpine.”” Worthy of note for its bearing 
on the following comment is the fact that Barron reports no very great 
change of potential on adding pilocarpine. As interpreted by Proposition 
III (5), this signifies that there is no very great difference between the bond- 
ing of pilocarpine to ferriprotoporphyrin, on the one hand, and to ferro- 
protoporphyrin, on the other, at the pH value specified. 


Comment 


In none of the cases here described or cited is an iron porphyrin bound 
to a simple imidazole with the firmness which is inferred of the binding 
of an iron porphyrin to one or another protein of the hemoglobins and 
myoglobins in the several states of these complexes. The orders of mag- 
nitude are different. 

While this conclusion makes no positive contribution to our knowledge 
of the natural substances, hypotheses made without its consideration could 
be too naive. 

It hardly is necessary to add that the absorption spectra of hemoglobin 
and myoglobin, for example, are distinctly different from the absorption 
spectra of the coordination compounds formed with simple imidazoles 
and ferroprotoporphyrin or ferromesoporphyrin. The latter complexes 
have absorption spectra typical of these inaptly called ‘“hemochromogen 
spectra.” 


SUMMARY 


1. Spectrophotometric studies of the coordination of several imidazoles 
with ferrimesoporphyrin at constant concentration of metalloporphyrin 
and at constant, high pH (e.g., 9.1) indicate that in each instance the co- 
ordination compound contains 2 molecules of ligand per iron atom and 
that the addition of the second ligand takes place with relatively greater 
ease so as to obscure evidence of stepwise addition. This particular method 
of study gives no certain decision on whether the over-all process is (a) 
M + 2L = MI, or (6) Mz + 4L = 2MI 2. 

2. A dilution effect is definitely in favor of process (b), which involves 
splitting of a dimer. 

3. An approximate estimate of the half transformation point of ferri- 
mesoporphyrin with respect to loss and. gain of Ht, or OH-, at the coordi- 
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nation center is pH 7.0. The system acts in this respect as a simple proton 
donor-acceptor system. A theoretical treatment, supplementing the fa- 
miliar one used in the multiacid problem, shows that this is not necessarily 
inconsistent with the existence of dimeric metalloporphyrin. 

4. Competition between ligand and OH™— for position in the coordina- 
tion shell was demonstrated by the shape of curves relating pH to the 
logarithm of the concentration of ligand required for half saturation of 
ferrimesoporphyrin. <A conclusion is that when the imidazole group ac- 
quires a proton it does not coordinate with ferrimesoporphyrin. 

5. Competition between ligand and OH7— for position in the coordination 
shell was shown also by adjusting the concentration of ligand and the 
concentration of metalloporphyrin to such fixed values that no coordination 
occurred at high pH and complete coordination occurred at low pH. The 
curve relating degree of coordination to pH has the appearance of an 
ordinary acid-base titration curve, but the constant is accounted for, not 
as an ionization constant, but as a complex constant. 

6. Eighteen imidazoles were tested. Those bearing substituents at a 
carbon or at carbons adjacent to both nitrogen atoms failed to coordinate 
with ferrimesoporphyrin. In cases in which coordination occurs there is a 
relation between values of pK,’ pertaining to the imidazole ring and either 
an arbitrarily standardized measure of the ability to coordinate or the 
constant descriptive of the assumed equilibrium. The trend is toward a 
linear relation but with evident departures. Brief comments suggest pos- 
sible reasons why a perfect correlation need not be expected. 

7. Potentiometric studies show that in dilute ethanol-water solution 
within a restricted range of pH the iron-mesoporphyrin system at 30° 
obeys the relation 


E, = Ey + 0.06015 log — 0.06015 pH 
and that in the presence of pilocarpate at a concentration adequate to 
replace the hydroxyl ion of the oxidant the potential is invariant with pH. 
In the range of pH used this potential is lower than those observed in the 
absence of pilocarpate, indicating a stronger binding of the imidazole ring 
with the oxidized than with the reduced metalloporphyrin. 

8. It is concluded that, while the data make no positive contribution to 
the problem of how heme is bound in the blood pigment and similar com- 
pounds, their consideration together with the striking differences in ab- 
sorption spectra will forestall naive hypotheses. 


We are indebted to the Rockefeller Foundation for the Cary record- 
ing spectrophotometer used in exploratory work. Dr. D. Wright Wilson 
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kindly supplied the 1-methyl-4-imidazolecarboxaldehyde. We wish to ac- 
knowledge the invaluable help of Miss Mary Beetlestone and to thank 
Dr. Lawson L. Rosenberg and Miss Betty Dempwolf for confirming our 
data on the ionization exponents of hydrolyzed pilocarpine and ferrimeso- 
porphyrin and for other data. Dr. J. Logan Irvin was very helpful in 
suggesting various factors concerned in the treatment of the data repre- 
sented in Fig. 7. 
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A STUDY OF A POSSIBLE MECHANISM OF THE THREONINE- 
INDUCED AMINO ACID IMBALANCE* 


By K. EBISUZAKI, J. N. WILLIAMS, Jr., anp C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, April 3, 1952) 


The effect of certain amino acids, such as threonine and phenylalanine, 
and of certain proteins, such as gelatin and zein, in causing a need for 
extra dietary tryptophan on a low casein diet has been frequently re- 
ported (1-9). In spite of the considerable body of literature concerning 
this problem, there is no clear explanation for the greater requirement of 
tryptophan or niacin in the presence of excess dietary phenylalanine and 
threonine or of tryptophan-deficient proteins. The following report is 
concerned with a study of the possible mechanism whereby an amino acid 
imbalance caused by including an excess of threonine in a 9 per cent 
casein and otherwise adequate diet creates a condition of tryptophan 
deficiency. There are a number of observations (as will be pointed out 
later in the discussion) which indicate that the action of threonine in 
causing an amino acid imbalance may occur through its inhibition of some 
aspect of the digestion of whole protein. Therefore, in order to test this 
hypothesis, the growth rates of animals fed whole casein or amino acid 
mixtures simulating whole casein with and without extra threonine were 
studied. If the protein is fed in the prehydrolyzed form (i.e., as free 
amino acids) and if threonine induces an imbalance by interfering with 
the digestion of whole dietary protein, the typical symptoms of a threo- 
nine-induced amino acid imbalance should not be observed in animals fed 
the amino acid mixture simulating whole protein. 


EXPERIMENTAL 


In brief, the present investigation consisted of following the growth 
rates of animals fed a 9 per cent casein-sucrose diet, 9 per cent casein- 
sucrose diet plus extra pt-threonine, and corresponding groups in which 
the casein is replaced by equivalent mixtures of purified amino acids. 
Essentially, the procedures involved in this experiment were similar to 
those described by Hankes ef al. (6). Male weanling rats of the Sprague- 
Dawley strain, housed in individual cages, were fed their respective ra- 
tions and watered ad libitum throughout the experiments. Weights of 


* Published with the approval of the Wisconsin Agricultural Experiment Sta- 
tion. Supported in part by a grant from the Nutrition Foundation, Inc., New York. 
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the animals were taken every 3 days. Three experiments were carried 
out, and they will be designated as Experiments I, I], and III. 

The 9 per cent casein ration was of the same composition as that de- 
scribed by Hankes et al. (6). In all rations 0.2 per cent cystine was in- 
cluded. The amino acid mixtures were prepared to be equivalent to 9 
per cent casein with respect to their amino acid compositions. The values 
given by Block and Bolling (10) were taken as a reference standard upon 
which the amino acid mixtures for Experiments I and II were based. 
Since the values in Block and Bolling were calculated as gm. of amino 
acid per 16 gm. of nitrogen, a correction factor of 13.4/16 or 0.84 was ap- 
plied to give the amino acid composition for the casein used, which ana- 
lyzed 13.4 per cent nitrogen. The tryptophan level in this mixture was 
0.136 per cent of the ration which corresponds to a value of 1.8 per cent 
for tryptophan in whole casein. In all cases, DL-tryptophan was used. 
It should be noted that threonine, leucine, isoleucine, and valine, which 
were fed as the DL mixtures, were included at twice the listed values, since 
the p isomers are known to be physiologically inactive. 

In Experiment I, four groups of six animals each were fed rations con- 
sisting of 9 per cent casein, 9 per cent casein plus 0.078 per cent pL-thre- 
onine, and the amino acid mixture described above, simulating 9 per cent 
casein with and without 0.078 per cent threonine, respectively. In Ex- 
periment IT, the threonine levels were raised to 0.156 per cent threonine 
to test what the effect of a higher level of threonine would be. In this 
experiment six animals per group were fed the 9 per cent casein ration 


and the 9 per cent casein plus 0.156 per cent pL-threonine ration and é 


three animals were fed the amino acid mixture plus 0.156 per cent DL- 
threonine. 

Since the level of tryptophan in casein in the first edition of Block and 
Bolling (10) is considerably higher than that given by McMeekin and 
Polis (11) and also in the second edition of Block and Bolling (12), a third 
experiment was carried out with’ an amino acid mixture based on the 
values given by McMeekin and Polis. Here a correction factor of 13.4/- 
15.65 or 0.855 was applied since the total nitrogen was given as 15.65 gm. 
per 100 gm. of protein. The tryptophan level was included at 0.0925 
per cent of the total ration, which is equivalent to 1.2 per cent tryptophan 
in casein. All of the amino acids were included at the levels given by 
McMeekin and Polis, except proline, which was included at a level of 
0.310 per cent of the ration. Because of the non-essentiality of this 
amino acid, this alteration should not influence the results to any demon- 


strable extent. Therefore, in Experiment III, four groups of four animals 


each were placed on rations containing 9 per cent casein, 9 per cent casein 


plus 0.156 per cent pt-threonine, 9 per cent amino acid mixture simulat- — 


» 
re 
+> 
x 
¢ 
“xs 
an 
ane 


EBISUZAKI, WILLIAMS, AND ELVEHJEM 65 


ing casein based on the figures of McMeekin and Polis, and 9 per cent 
amino acid mixture plus 0.156 per cent pL-threonine. Since growth was 
extremely limited in the groups fed the amino acid mixtures, either with 
or without 0.156 per cent pi-threonine, after 27 days in this regimen, the 
tryptophan levels were increased to 0.108 per cent of the ration. This 
level is equivalent to 1.4 per cent tryptophan in casein. Since growth 
was still poor in both groups, the tryptophan level was further increased 
to 0.123 per cent of the ration after the 39th day. This level corresponds 
to 1.6 per cent tryptophan in casein. 


RESULTS AND DISCUSSION 


The growth data for Experiment I are presented in Fig. 1. During 
the 36 day experimental period the average weight gain for the animals 
fed the 9 per cent casein ration was 11 gm. per week, and that for the 
group fed 9 per cent casein plus 0.078 per cent threonine was 1 gm. per 
week. These results confirm those of earlier experiments (6, 7), where it 
had been shown that threonine inhibits the growth of rats fed a 9 per cent 
casein ration. The rats on the 9 per cent casein plus threonine ration 
exhibited symptoms of tryptophan deficiency, as described by Lyman and 
Elvehjem (8). The average weight gains for the animals fed the amino 
acid mixture simulating 9 per cent casein were 15 gm. per week, and for 
the group fed the amino acid mixture plus 0.078 per cent threonine the 
growth was 14 gm. per week. This clearly shows that under these experi- 
mental conditions the addition of threonine to the amino acid mixture 
simulating casein does not inhibit growth at all. 

To test whether an increase in the threonine level will inhibit growth, 
Experiment II was carried out in which the threonine level was increased 
to 0.156 per cent. These results are summarized in Fig. 2. Again there 
was an inhibition of growth on the casein plus threonine diet but not in 
the amino acids plus threonine diet. During the 30 day experimental 
period the growth rates on 9 per cent casein, 9 per cent casein plus 0.156 
per cent threonine, and the amino acid mixture simulating casein plus 
0.156 per cent threonine were, respectively, 9, 4, and 11 gm. per week. 

Experiment III, which was carried out with the amino acid mixture 
simulating casein based on the values given by McMeekin and Polis (11), 
is reported in Fig. 3. The results of this experiment indicate that 9 per 
cent casein rations with and without 0.156 per cent threonine gave re- 
sponses similar to the two preceding experiments for the corresponding 
groups. Over the 51 day period, the growth rate with 9 per cent casein 
was 16 gm. per week, and with 9 per cent casein plus 0.156 per cent thre- 
onine the growth was 5 gm. per week. For the amino acid mixtures both 
with and without threonine the growth rate for the first 27 days was 
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only 2 gm. per week, which is not at all comparable to 9 per cent casein, 
By increasing the tryptophan level from 0.0925 to 0.108 per cent of the 
ration, only a slight increase in growth rate over the previous period 
occurred. The growth rates were 4 gm. per week with the amino acid 
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Fic. 1. Comparison of the effects of excess dietary threonine on the support of 
growth in rats by 9 per cent casein and an amino acid mixture (prepared to simulate 
casein according to Block and Bolling (10)) simulating 9 per cent casein. Curve 1, 
9 per cent amino acid ration, Curve 2, 9 per cent amino acid ration + 0.078 per cent 
pL-threonine, Curve 3, 9 per cent casein ration, and Curve 4, 9 per cent casein ration 
+ 0.078 per cent pL-threonine. 

Fic. 2. The effect of increased threonine concentration (0.156 per cent) on the 
ability of whole casein and an amino acid mixture (prepared to simulate casein ac- 
cording to Block and Bolling (10)) simulating whole casein to support growth in rats. 
Curve 1, 9 per cent amino acid ration + 0.156 per cent pL-threonine, Curve 2, 9 per 
cent casein ration, and Curve 3, 9 per cent casein ration + 0.156 per cent pL-threonine. 


mixtures and 2 gm. per week with the amino acid plus threonine diet. 
Because of the great overlapping of the values of the two groups, this 
difference is not at all significant. When the tryptophan level was in- 
creased to 0.123 per cent of the ration, growth rates were markedly in- 
creased in the groups fed the amino acid mixtures both with and without 
threonine. With the amino acid diet the growth rate was 9 gm. per week 
and with the amino acid plus threonine diet the growth rate was 13 gm. 
per week. Both of these growth rates approach that of casein at com- 
parable body weights. It appears, then, that this level of tryptophan is 
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nearly equivalent to the minimal level necessary to support growth com- 
parable to casein. At this level, again it can be seen that no inhibition 
of growth by the addition of 0.156 per cent pi-threonine to the amino 
acid mixture occurred. 

From this experiment, it may be concluded that the tryptophan levels 
are extremely limiting in the amino acid mixture based on the values pre- 
sented by McMeekin and Polis (11). Absolute values for the tryptophan 
level in casein are difficu't to obtain because of its destruction under con- 
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Fic. 3. A comparison of the effect of 0.156 per cent pt-threonine on the ability of 
9 per cent casein and an amino acid mixture (prepared to simulate casein according 
to McMeekin and Polis (11)) simulating 9 per cent casein to support growth. Tryp- 
tophan in the amino acid mixture was increased at the arrows to 0.108 per cent and 
0.123 per cent of the ration, respectively. Curve 1, 9 per cent casein, Curve 2, 9 per 
cent casein + 0.156 per cent pL-threonine, Curve 3, 9 per cent amino acid ration, and 
Curve 4, 9 per cent amino acid ration + 0.156 per cent pL-threonine. 


ditions of alkaline hydrolysis (13). However, recent extensive studies by 
Spies and Chambers (13) indicate that perhaps the best value for trypto- 
phan in casein is 1.68 per cent. It is somewhat interesting to note that the 
levels of tryptophan to support good growth in amino acid mixtures (as 
shown in Experiment III) correspond to a value of about 1.6 per cent 
tryptophan for casein. 

From the experiments reported in this paper, the cause of imbalance by 
excess threonine in a whole casein diet may be inferred. Threonine may 
inhibit in some manner, either directly or indirectly, the digestion of whole 
casein, since it was not possible to show an imbalance with the amino acid 
mixtures simulating casein. Such a line of reasoning is consistent with 
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other observations. The observation that threonine does not cause an im- 
balance in the presence of dextrin (6) may be partially due to the improved 
digestion when dextrin is the carbohydrate fed. This may result as a 
consequence of a slower passage of food through the intestinal tract. 
Monson et al. (14) have shown that dextrin delays the passage of food 
through the intestinal tract in the chick. Experiments with rabbits by 
Olcese et al. (15) and with rats by Bell et al. (16) indicate that tryptophan 
given as a free amino acid rather than in the form of a protein is more 
available to the animal. Some results of Shahinian, Ebisuzaki, Williams, 
and Elvehjem! indicate that, when animals are forcibly fed a diet consist- 
ing of 9 per cent casein plus 0.078 per cent pL-threonine, a marked bloat- 
ing of the stomach occurs. Such a condition does not occur with animals 
forcibly fed a 9 per cent casein diet without extra threonine. This also 
points to the possibility that threonine in some way interferes with proc- 
esses of digestion of whole protein. Thus this single explanation embraces 
the observations of a number of diversified experiments. 

Rosen and Perlzweig (5) have presented the view that the effect of gela- 
tin and of amino acids added to a low casein diet was in an impairment of 
the transformation of tryptophan to niacin. While this may be true, it 
should be noted that the excretion of N-methylnicotinamide appears to be 
a poor criterion of the tryptophan to niacin conversion in view of the fact 
it represents only a small fraction of the ingested metabolite (17). Fur- 
thermore the excretion of \V-methylnicotinamide represents only an alter- 
native pathway of niacin metabolism, the biologically important pathway 
being toward the formation of the pyridine nucleotides. Results from this 
laboratory! with protein-free diets indicate that the formation of pyridine 
nucleotide from tryptophan alone is not affected by the addition of threo- 
nine to the diet. | 

In earlier experiments Hankes ef al. (6) demonstrated that intraper'- 
toneally injected threonine also precipitated an amino acid imbalance. We 
have also confirmed these results, although they are not reported in this 
paper. If threonine acts by inhibiting some aspect of digestion, the effect 
of injected threonine may be due to its secretion into the digestive tract, 
possibly by way of the bile, or its inhibition of the secretion of one or more 
of the digestive enzymes. Thus at the present state of these investiga- 


tions, conclusions must be tentative. Further studies are being made to 2 
clarify the réle of threonine as well as p-phenylalanine in creating an ~ 


amino acid imbalance. It is noteworthy that p-phenylalanine is an inhibi- 


tor of carboxypeptidase (18), an enzyme which is most sensitive to sub- 
strates with aromatic amino acids (19). It is possible then that p-phenyl- 


! Shahinian, S., Ebisuzaki, K., Williams, J. N., Jr., and Elvehjem, C. A., Proc. os 


Soc. Exp. Biol. and Med., 80, 146 (1952). 
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alanine may inhibit the release of tryptophan from the peptide linkage 
under physiological conditions and thereby create a condition of trypto- 
phan deficiency. 


SUMMARY 


A threonine-induced amino acid imbalance can be demonstrated if 9 per 


cent whole casein is fed as the source of protein but not if the protein is 
supplied as free amino acids simulating 9 per cent casein. The results 
have been interpreted as indicating that excess dietary threonine causes 
an imbalance by decreasing the availability of amino acids in whole casein, 
possibly by inhibiting digestive processes. 
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SUCCINATE ACCUMULATION IN VIVO FOLLOWING 
INJECTION OF MALONATE 


By HARRIS BUSCH* anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 1, 1952) 


Among the factors involved in the accumulation of citrate by a tissue 
following the injection of fluoroacetate in vivo is the ability of the tissue 
to convert precursors into 4-carbon acids (1). An indirect measure of 
the importance of this conversion was reported in a recent study (2) in 
which the Krebs cycle was blocked both by fluoroacetate and malonate, 
but in this study concurrent analyses for succinate were not attempted. 
Recently developed chromatographic techniques (3) have made it possible 
to determine not only the concentration of succinate, the metabolite ac- 
cumulated, but also the concentration of malonate, the inhibitor, in tissue 
extracts following the injection of malonate. Previous studies on the 
effects of malonate in vivo have dealt with the metabolism of C-malonate 
(4-6) and the effects of malonate on components of blood and urine (7-10). 
In the present study, the optimal conditions for the accumulation of suc- 
cinate in tissues in vivo were defined, and the rate of excretion of suc- 
cinate, citrate, and malonate in the urine was determined. 


EXPERIMENTAL 


Tissue Studies—Female rats, bearing 10 day-old Flexner-Jobling tumors 
maintained on a normal stock diet, and weighing 140 to 180 gm., were 
used in these studies.! The aggregate weight of the four tumor masses 
per rat averaged 2.5 gm. At the indicated time intervals after the in- 
jection of malonate (Figs. 1 and 2), the rats were decapitated and blood 
was obtained from the neck vessels. The liver, kidneys, and tumors were 
excised, chilled, and then homogenized in a volume of 0.6 N perchloric 
acid sufficient to produce a final concentration of 0.33 n. The precipitated 
protein was removed by centrifugation and the supernatant solutions were 
neutralized with KOH, causing precipitation of the bulk of the perchlorate 
ion as potassium perchlorate. The neutralized supernatant solutions were 
passed into Dowex 1 resin columns (formate form) which were subjected 
to a slowly increasing concentration of formic acid, as previously de- 


* Postdoctoral Research Fellow of the National Cancer Institute, United States 


Public Health Service. 
1 Tumor-bearing rats were supplied by Dr. G. A. LePage. 
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scribed for the isolation and quantitative determination of succinate and 
malonate (3). In comparison to the melting point of an authentic sample 
of succinic acid, 187—-189°, the melting pomts of the succinic acid from 
liver and kidney samples ranged from 165-178° and the melting points 
of the succinic acid of tumor samples from 178-183°. The purity of the 
succinic acid of urine samples was higher, as manifested by a melting point 
of 188°. The quantity of acid present in each fraction was determined 
by titration after evaporation of the eluent (3), and the values presented 
in the graphs represent the total titration mm the succinate and malonate 
peaks. 

Time and Dose Studies—One group of animals received one injection of 
1.2 ml. of 1 mM sodium malonate per 100 gm. of body weight, injected 
subcutaneously into the inguinal region or the back, and the experiment 
was terminated at 3, 1, or 2 hours after the injection. Another group 
of animals received two injections, the above dose being supplemented 
at the end of the Ist hour with either a repetition of the initial dose or with 
one-half the initial dose; the initial dose established a level of malonate on 
which the second dose was superimposed. The animals receiving two 
injections were all killed 2 hours after the initial injection. The highest 
dose employed resulted in marked dyspnea in most animals, convulsions 
in a large percentage, and death in a few cases by the end of the 2nd hour; 
hence higher dosage levels or longer periods of treatment are not feasible. 
The results of these studies are presented in Figs. 1 and 2, in which each 
point is the average of two column separations with samples that represent 
pooled tissues from two rats. Twenty-four rats were used to obtain the 
data reported, but no more than two rats were injected on any given day. 
The average deviation from the values noted on the graphs was 0.77 yeq. 
for succinate, and 1.4 yweq. for malonate except for the malonate of the 
kidney, for which the deviation was 8.5 weq. In addition, the curves 
reinforce the individual values. The concentration of malonate in the 
kidney greatly exceeded that of other tissues and, like that of the blood, 
reached a maximum 3 hour after a single injection (Fig. 1). Presumably 
the blood transports the malonate from the subcutaneous depot to the 
kidney where it is concentrated and excreted. Maximal concentration 
of malonate in the liver and tumor was reached | hour after the injection 
of a single dose. With increasing dosages, the concentration of malonate 
rose sharply and concomitantly in the blood and in the tumor, but little 
malonate was found in the liver until the largest dose was given. It is 
possible that the liver destroys or fails to retain the malonate in quantities 
supplied at the lower levels. 

With a single injection of malonate, the maximal succinate accumula- 
tion in the tissues was found at | hour after the injection and correlates 
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with the maximal malonate content in liver and tumor (Fig. 2). The 
discrepancy in the case of kidney may indicate that not all the malonate 
present is effectively blocking the available succinic dehydrogenase at 3 
hour and may mean that a significant amount of the malonate is not 
located at the particulate sites of succinic dehydrogenase activity. By 
the end of the 2nd hour, the concentration of succinate in the tissues had 
fallen to the level noted at } hour. With increasing dosage, a steady rise 
in the concentration of succinate was found both in the kidney and in 
the tumor. Although the highest concentrations of succinate were found 
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Figs. 1 anp 2. Malonate and succinate concentration in tissues and blood in 
microequivalents per gm. of wet weight following an initial injection of 1.2 ml. of 1m 
sodium malonate per 100 gm. of body weight, supplemented after 1 hour by a repeti- 
tion of this dose, one-half this dose, or no additional dose. The corresponding 
curves are thus labeled 1.2, 1.2; 1.2, 0.6; and 1.2, 0 respectively. The values for 
malonate in kidney have been reduced by one-third to fit the scale used for the other 
tissues. Each point represents the average of two experiments, each of which was 
carried out on pooled tissue from two rats. 


in the kidney, the difference in concentration between the kidney and 
other tissues for this substance was not as marked as in the case of malonate 
(Fig. 1). The concentration of succinate in the liver paralleled the con- 
centration of malonate and also did not increase until the highest doses 
were administered. Little succinate was found in the blood at any time 
or dose, although significant amounts were found in the presence of the 
highest levels of malonate (Fig. 3). These data indicate that equilibra- 
tion of the succinate of the tissues and that of the blood was incomplete; 
a similar incomplete equilibration of citrate was found in fluoroacetate 
poisoning (1, 11, 12). 

The ratios of succinate to malonate were approximately 1.0 for liver, 
0.4 for kidney, and 0.1 for blood throughout the range studied (Fig. 3). 
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Such a simple relationship did not hold for the Flexner-Jobling carcinoma: 
at low levels of malonate, the ratio of succinate to malonate was as great 
as 3, while at higher levels, the ratio diminished to 0.5. After the in- 
flection of the curve (Fig. 3), the slope approaches the slope of the line for 
blood. This limitation of succinate accumulation in the tumor may mean 
| that the supply of 4-carbon acids and their precursors is rapidly depleted, 
A with the result that the tumor becomes dependent on a limited blood-borne 
supply (see the discussion). Recent studies which indicate a low rate of 
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Fic. 3. Relationship of succinate concentration to malonate concentration in 
tissues. Each point represents one to four experiments carried out on pooled tissues 
from two rats. Units in microequivalents per gm. of wet weight. 

Fig. 4. Excretion of succinate, malonate, and citrate in the urine following the 
injection of 1.2 ml. of 1 Mm sodium malonate per 100 gm. of body weight. Each point 
represents the average of three experiments on pooled urines from two rats. 


protein breakdown in this tumor under fasting conditions (13) support 
this idea. The slope of the lines in Fig. 3 represents molar ratios of the 
substrate of the inhibited enzyme to the concentration of the inhibitor 
present; these values are seldom assessable in pharmacological studies. 
In this case, they could include malonate which is present in the tissue 
but not capable of causing accumulation of succinate. Hence the ratios 
are resultants of the permeability of the mitochondria and the cell to 
malonate, the total amount of enzyme within the cell, and other vectors 
as yet unknown. a 
Excretion Studies—The rats used in this study were similar to those 
employed in the above studies with the exception of the fact that they bi 
did not bear tumors. Following the injection of 1.2 ml. of 1 mM sodium _ 
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malonate per 100 gm. of body weight, the rats were placed in a metabolism 
cage and the urine was collected into flasks containing 2 ml. of 6 N per- 
chloric acid. Determinations of succinate and malonate content were 
made on the urine samples excreted in four periods: the 1st hour, 2nd and 
3rd hours, 4th to 6th hours, and the 7th to 24th hours. Malonic acid 
was identified by its position on the chromatogram (3), the melting point 
(133°, which was the same as the reagent injected), and the neutral equiva- 
lent (53 as compared with the known value of 52). The succinic acid 
was identified by its position on the chromatogram (3) and its melting 
point of 188°. Citrate was determined on aliquots of the perchloric acid 
filtrates of the urine by the method of Natelson, Lugovoy, and Pincus (14). 
The rate of urinary excretion of these acids is shown in Fig. 4. At 1 hour, 
30 per cent of the injected malonate had been excreted, 55 per cent at 
3 hours, and almost 70 per cent by 24 hours.?, The remaining malonate, 
unaccounted for by excretion, may have been oxidized, since Lifson and 
Stolen (5) found that in the Ist hour after the injection of malonate 
carboxyl-C® into mice 10 per cent of the label was found in the breath, 
20 per cent after 3 hours, and 26 per cent after 24 hours. Moreover, 
Lee and Lifson (6) found that the rat also oxidizes malonate. Although 
the rate of succinate excretion was similar to that of malonate, citrate 
was eliminated more slowly and most of it appeared in the 21 hours after 
the bulk of the malonate had been excreted.’ 


DISCUSSION 


A number of studies have demonstrated succinate in the urine following 
the injection of malonate in vivo (4, 6,9). These findings have constituted 


? In a series of experiments designed to test the effects of malonate on the growth 
of Flexner-Jobling tumors, malonate was injected into rats every 3 hours for 4 days 
in a dosage of 1.2 ml. of 1 m malonate per 100 gm. of body weight. In this case, a 
milk supplement was added to the regular grain diet. In one series of experiments 
some diminution of the growth of the tumor was noted, and in another, in which the 
tumors were smaller initially, an increased tendency of the tumor to invade the 
deeper musculature was noted. In addition to these effects, a scirrhous edema of 
the liver was noted. Although two injections of this dose of malonate 1 hour apart 
were lethal for some animals, in this case most animals received thirty-two injections 
and all survived, indicating that the 3 hour interval enabled the animals to excrete 
or detoxify the injected malonate. The total dose given in the 4 day period was 
approximately 75 mm per rat. No change was found in succinoxidase concentration 
of liver, tumor, or kidney. | 

’ There is evidence that citrate excretion in the urine can result from alkalosis 
(15) which could result from oxidation of malonate (5, 6). In quantities equivalent 
to those of the malonate used in this study, sodium oxalacetate, which has a greater 
tendency to produce alkalosis on a molar basis, resulted in marked excretion of 
citrate, but had little effect on excretion of succinate (9). 
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evidence for the operation of the Krebs cycle in vivo. Quantitative data 
presented here corroborate and extend the earlier data. Moreover, evi- 
dence for succinate accumulation in the kidney, liver, and tumor has been 
obtained, and time and dose studies on these tissues provided a basis for 
determination of optimal conditions for succinate accumulation. It is 
evident that a number of factors can influence the succinate content of a 
given tissue following the injection of malonate and include activity of 
the Krebs cycle, availability of amino acid precursors, the concentration 
of malonate in the tissue and the extent to which it is effective in blocking 
succinic dehydrogenase, the rate at which succinate formed by tissues 
diffuses into the blood, and the rate at which succinate from other tissues 
enters any given tissue via the blood. The last two factors in particular 
call attention to the possibility that the dose of malonate of greatest utility 
in the study of the metabolism of a given tissue in vivo may be less than 
the dose giving maximal succinate formation. 

It is apparent that the amount of succinate accumulated greatly exceeds 
the amount of Krebs’ cycle intermediates available for conversion to suc- 
cinate and that precursors from outside the cycle must be utilized (cf. (2)). 


The data may be more valuable in assaying the ability of a tissue to con- 


vert glutamate, for example, to succinate, than in deciding the réle of the 
Krebs cycle in the individual tissue. However, supplementary informa- 
tion on the latter point can be gained by using isotopically labeled pre- 
cursors such as pyruvate and acetate, as experiments in progress have 
shown. 

This report and those preceding it (1-3, 11) constitute an experimental 
approach to the metabolism of individual organs in the whole animal, 
which can conveniently be referred to as ‘‘in vivo metabolic blocking tech- 
niques.’’* While the data so obtained are obviously the resultant of many 
vectors, it is already established that marked individual differences be- 
tween organs can be demonstrated. Moreover, the data show the effect 
of changes in the physiology of the animal ((16, 17) and unpublished studies 
from this laboratory). It would seem that the method should be appli- 
cable to the study of other enzyme inhibitors and other metabolic path- 
ways. 

The use of specific enzyme inhibitors to produce biochemical lesions in 
the whole animal by blocking a metabolic pathway is comparable to the 
blocking that results when there is a defictency of a specific factor, such as 
insulin or a vitamin. However, for the study of metabolism, the use of a 
specific inhibitor has the advantage that the block may be initiated at a 
more definite point on the time scale. 


‘ These studies in vivo also constitute an experimental approach to the mechanism 
of action of enzyme inhibitors as chemotherapeutic agents. 
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SUMMARY 


1. The injection of 1.2 ml. of 1 Mm sodium malonate per 100 gm. of body 
weight into rats bearing Flexner-Jobling carcinomas, followed in 1 hour 
by a repetition of this dose, resulted in the accumulation of increasing 
amounts of succinate in the liver, kidney, and tumors up to 2 hours. The 
time studies indicated that the maximal concentrations of succinate were 
reached 1 hour after the injection of a single dose of malonate and the 
second dose resulted in the superimposition of the second maximum on the 
base level created by the first dose. 

2. A linear relationship was found between succinate and malonate in 
the liver, kidney, and blood, but the relationship for the Flexner-Jobling 
tumor was more complex. 

3. Within 6 hours, 55 per cent of the malonate injected was recoverable 
in the urine. The excretion of succinate paralleled that of malonate, but 
the excretion of citrate did not. 

4. The utility of this type of metabolic block for the study of the me- 
tabolism of individual organs in vivo was discussed. 
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THE ISOLATION OF PROGESTERONE FROM HUMAN 
PLACENTA* 


_ By W. H. PEARLMAN anp EMILY CERCEO 


(From the Department of Biochemistry, Jefferson Medical College, Philadelphia, 
Pennsylvania) 


(Received for publication, March 5, 1952) 


The authors recently (1) reported the isolation of allopregnanol-3-6- 
one-20, pregnanediol-3a ,20a, and allopregnanediol-38 ,20a from an acetone 
extract of 836 kilos of human placental tissue; progesterone was not iso- 
lated, but a minute amount of an unidentified a, 8-unsaturated ketone, 
m.p. 209-211°, was obtained. For reasons previously discussed (1), re- 
investigation of this problem seemed desirable, particularly with regard 
to the nature of the a,@-unsaturated ketones of the placenta. It appeared 
feasible, after certain preliminary experiments (1), to attempt the isolation 
of progesterone from as little as twenty-five full term placentas (12.5 
kilos); the results are described below. 


EXPERIMENTAL! 


Collection and Extraction of Human Placental Tissue—F ull term placentas 
were obtained as soon as possible after parturition and immediately worked 
up as follows. The umbilical cord was removed and excess blood soaked 
up in paper towels. The placenta was weighed, finely ground by hand 
with a meat grinder into 5 per cent sodium hydroxide, and overlaid with 
peroxide-free ether; approximately 100 ml. of alkali and of ether were 
used per 100 gm. of tissue. Extraction was carried out at room tempera- 
ture, the contents being swirled occasionally during the day. After 24 
hours, the aqueous phase was saturated with sodium chloride; after another 
24 hours, the tissue had completely undergone dissolution, resulting in a 
clear red aqueous phase. The ether was now syphoned and an equal vol- 
ume of fresh solvent added; the latter was, in turn, removed after 24 
hours, and the process repeated twice more. The ether extracts were 
pooled and washed with water until the washings were neutral; a light 
yellow, crystalline residue was obtained by evaporation of the ether. 

Fractionation of Lipide Extracts—The lipides thus obtained from twenty- 
five placentas (12.5 kilos) were partitioned between petroleum ether and 


* This investigation was supported by a research grant from the National Insti- 
tutes of Health, United States Public Health Service. 

' Melting points were determined with a Fisher-Johns apparatus and are reported 
as read. The microanalysis was performed by Mr. James Rigas. 
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90 per cent methanol. 1 liter of each solvent was used; each phase was 
next treated with 0.5 liter of fresh solvent and the extracts from the latter 
treatment, in turn, were shaken together. The residue obtained from 
the pooled methanol extracts was then partitioned between petroleum 
ether and 70 per cent methanol; the procedure was the same except that 
the volumes were reduced by one-half. The final methanol extracts were 
combined and concentrated in vacuo to remove most of the methanol; 
the concentrate was diluted with water and repeatedly extracted with 


liberal quantities of ether, furnishing 689 mg. of solids; further extraction 
of the aqueous phase with chloroform yielded an additional 94 mg. of f 
material. The residues were combined and treated with 200 mg. of Girard’s f 
Reagent T (2); the ketonic material (197 mg.) thus obtained was again 
treated with this reagent; 71.0 mg. of ketones were finally obtained which f 
were estimated to contain not more than 32.4 mg. equivalents of pro- f 


gesterone.’? 


The latter material was subjected to counter-current distribution by a f 
procedure described by Craig et al. (3) as being most useful for preliminary 
investigation; only nine separatory funnels were required. The solvent f 
system employed was petroleum ether (150 ml.)-70 per cent methanol f 
(50 ml.). It was selected because the effective partition coefficient (K) fF 
of progesterone had been found to be 1.0 and the maximum of this com- f 
ponent of the placental ketones could therefore be expected to occur at f 
the central separatory funnel, No. 4, whereas the undesired constituents 
would be thrown off in the end funnels. The optical density (at 240 my) f 
of the residue (in absolute ethanol) from each separatory funnel was de- | 
termined and the data plotted as shown in Fig. 1. A ‘theoretical curve | 
for progesterone was calculated according to the general methods de- 
scribed by Williamson and Craig (4); a fairly good fit with the exper | 


mentally found curve was obtained for Funnels 1, 2, 3, and 4 only. It : 
appears that not more than 11.2 mg. of progesterone could have been f 
present in the original material and that other substances also contributed F 


to the absorption at 240 mu. 


Isolation of Progesterone—The residues from separatory Funnels 2 to 6 d 
were combined, furnishing 23.9 mg. of solids which were estimated to} 
contain not more than 10.4 mg. of progesterone; to this were added 447 
mg. of similar material obtained in a preliminary experiment and which | 
had been estimated to contain not more than 1.6 mg. of progesterone. 
On repeated extraction of the combined products with anhydrous ether, 
3.2 mg. were found to be insoluble; the extract was concentrated to 0.6 ml.” 
and passed through a column (7 X 62 mm.) containing 1.0 gm. of alumina’ ~ 


2 ‘“‘Progesterone”’ estimations are based on optical density measurements at 24 e 


my (maximal absorption) and are not specific for progesterone. 
3 The preparation is described in foot-note 4 (1). 
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(Harshaw) previously wetted with the same solvent. Elution with 15 ml. 
of anhydrous ether yielded 12.2 mg. of white crystalline material; further 
elution with 50 ml. of this solvent gave an additional 0.6 mg. of similar 
material. The eluates were combined and repeatedly crystallized from 
ether and from ether-petroleum ether. Three crystalline crops were ob- 


OPTICAL DENSITY(AT 240MM) X DILUTION X VOLUME 


o 1 2 35 4 5 6 7 & 
NO. OF SEPARATORY FUNNEL 


Fic. 1. Distribution curve for placental ketones. Solvent system, petroleum 


_ ether-70 per cent methanol (volume ratio 3:1). Experimentally found curve (solid 
_ line); calculated curves for progesterone (dotted line), effective K = 1.0, and for 
- an unidentified ketone (broken line), m.p. 194°, effective K = 0.03, which was isolated 
_ from separatory funnel, No. 8. The ultraviolet absorption spectrum of this com- 


: pound and that of the unidentified ketone, m.p. 209-211°, isolated in the previous 


d study (1) are distinctly different ; the former compound exhibits maxima at 243, 259, 
~ and 296 mp with minima at 253 and 274 my, whereas the latter compound shows a 


_ single maximum at 236 mu. 


tained: 1.9 mg. of prisms, m.p. 129—130°, 3.3 mg. of needles, m.p. 122—123°, 
and 2.0 mg. of prisms, m.p. 128°. There was no depression in melting point 


~ on admixture with the corresponding polymorphic forms of progesterone 


(m.p. 128.5-129° and 121-122°) which were prepared by the authors by 


Tecrystallization of commercial progesterone* (m.p. 128-129°) from the 


‘Specimens were kindly furnished by Dr. C. R. Scholz of Ciba Pharmaceutical 


a Products, Inc., and Dr. E. B. Hershberg of the Schering Corporation. 
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above solvents. The placental product (second crop) gave [a]? = +178° 
+ 10° (3.06 mg. in 1.23 ml. of absolute ethanol solution), \2)%. 240 mu, 
e = 16,200; the first and second crops were pooled and recrystallized 
for analysis. 


CxnH3.0,. Calculated, C 80.21, H 9.62; found, C 79.98, H 9.40 


A dioxime, m.p. 247—248°, was prepared from material in the mother 
liquors; it gave no depression on admixture with the dioxime of proges- 
terone, m.p. 252-253°. 


DISCUSSION 


A satisfactory explanation cannot be given at this time for the marked 
differences in the hormone content of the placental extracts reported in 
this and the previous study (1). Differences in the mode of extraction 
may be a factor; more important, perhaps, may be the freshness of the 
placenta, for, in the present study, great pains were taken to collect and 
extract each placenta with the least possible delay. The progesterone 
content per unit weight of full term placenta (as determined spectroscopi- 
cally and by actual isolation of the hormone) approaches in magnitude 
the bioassay values reported in the literature (reviewed in Smith and 
Smith (5)), but it should be noted that the latter figures vary widely. 

A comparison of the progesterone content of the placenta with that of 
the corpus luteum may be instructive. The latter organ (sow, whale (6)) 
contains approximately 40 mg. of progesterone per kilo of tissue, a value 
roughly 20 to 40 times that of human placental tissue. According to 
recent histochemical studies (7, 8), the syncytial trophoblast is the site 
of localization of placental steroid hormones; it may be inferred that the 
hormone content of the trophoblast .is very high since this tissue constitutes 
only a fraction by weight of the entire organ. 


SUMMARY 


Progesterone was isolated in about 60 per cent yield from an ether 
extract of 12.5 kilos of full term placentas ground in 5 per cent sodium 
hydroxide; the tissue had been estimated to contain not more than 0.93 
mg. of progesterone per kilo, the calculations being based on ultraviolet 
spectroscopic examination of the ketonic material following simple counter- 


current distribution. 


The authors wish to express their thanks to Mr. Leonard Brodsky for 
diligently collecting and extracting the placenta and to the Jefferson Medi- 
cal College Hospital for kindly furnishing this material. 
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Addendum—Since this manuscript was submitted, a preliminary report by No- 
all et al. (9) appeared, describing the isolation of progesterone from human pla- 
centa in an amount substantially that indicated here. 
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THE BINDING OF SODIUM CHLORIDE AND CALF THYMUS 
DESOXYPENTOSE NUCLEIC ACID 
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(From the Laboratory of Experimental Oncology, National Cancer Institute, National 
Institutes of Health, United States Public Health Service, and the Division of Medi- 
cine, University of California School of Medicine, San Francisco, California) 


(Received for publication, March 17, 1952) 


The combination of proteins and dyes with nucleic acids is considered 
to involve adsorption by means of the negatively charged phosphoryl 
groups of the nucleic acid; a discussion of these phenomena may be found 
in the review of Michaelis (1). That simple cations are also adsorbed in 
this manner has recently been demonstrated by Creeth and Jordan (2) 
who found from membrane potential measurements that the charge borne 
by calf thymus desoxypentose nucleate in solutions of sodium salts is 
considerably lower than that corresponding to 4 negative charges per 4 
phosphorus atoms. They attributed this discrepancy to the formation 
of ion pairs between sodium ions and the phosphate residues of the nu- 
cleate. The existence of this type of ion pair formation had previously 
- been suggested by Hammarsten (3) on the basis of cunatie pressure stud- 
ies of desoxypentose nucleate. 
In their studies Creeth and Jordan used a sample of nucleate previously 
dried in vacuo at 110°. Inasmuch as such drying causes marked changes 

in viscosity (4) and titration properties (5, 6) of the nucleate, their results 
are not necessarily characteristic of the original hydrogen-bonded macro- 
_ molecular state of the nucleate. A marked dependence of the binding of 
- nucleic acids and certain dyes on the degree of polymerization of the nu- 
_ cleic acid has been shown by Kurnick (7) and Cavalieri and Angelos (8). 
- Such effects might involve removal of steric hindrance, opening of new 
_ binding sites, or destruction of specific configurations or charge centers 
_ asa result of depolymerization. The binding of proteins and dyes with 
_ nucleic acid undoubtedly involves competition with simple cations for 
_ binding sites. Quantitative knowledge of the binding of simple ions by 
- nucleic acid, both before and after degradation, would help establish a 
_ foundation for a better understanding of the binding of proteins and dyes 
_ by nucleic acids. It might afford additional criteria based on binding 
_ properties for recognition of differences among various desoxypentose nu- 
| cleic acids. Such information should also help elucidate certain phe- 
homena involving interaction of nucleic acid and ions, such as the effect 
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of salt on the viscosity, and on the enzymatic depolymerization of nu. 
cleates. 

We have consequently initiated a study of the binding of various ions 
by desoxypentose nucleates, both in the undenatured and degraded states, 
The present paper describes results with sodium chloride and calf thymus 
desoxypentose nucleate. In order to determine the binding of the indi- 
vidual ions and also to ascertain whether sites other than phosphate ar 
concerned in the binding, we have carried out both measurement of men. 
brane potentials and analyses of total sodium and chloride on both sides 
of the membrane after establishment of dialysis equilibrium. 


Methods and Materials 


The preparation and characterization of the sample of nucleate used in 
these binding studies have been previously described (5). Dialysis equ:- 
librium was carried out in the usual manner. Cellophane sacs containing 
a few glass beads and 2 to 6 ml. of the solution of nucleate were dialyzed 
in test-tubes against several changes of 50 ml. of the solution of sodium 
chloride. The tubes were rotated end over end twenty times per minute; 
the total time of dialysis was 24 to 36 hours. Aliquots were removed 
for analysis of sodium and chloride and the membrane potentials were 
then measured by means of calomel electrodes almost exactly as described 
by Adair and Adair (9). The alkali-treated nucleate was made by bring. 
ing a solution to pH 12.4 and reneutralizing; the acid-treated samples 
were taken to pH 2.3 and reneutralized. The dried sample had _ beer 
exposed to 110° in a vacuum over P2O; for 4 days; about 25 per cent of 
this dried nucleate became dialyzable and was lost through the membrane 
and corrections were made for this in calculations of charge. Analyse: 
of sodium were made with the Perkin-Elmer flame photometer. Chloride 
was analyzed by a method similar to that of Wilson and Ball (10). 


Results 


The results of studies on the membrane potential are presented in Ta 


ble I. They confirm the conclusion of Creeth and Jordan (2) that the} 
negative charge borne by the nucleate is considerably less than 4 per 4} 


atoms of nucleate phosphorus. However, our values of the charge are 
somewhat higher than theirs and show considerably less variation with 
electrolyte concentration. For example, Creeth and Jordan reported 
charges corresponding to about 0.76 and 1.64 per 4 atoms of nucleate 
phosphorus at NaCl concentrations of 0,005 and 0.20 m respectively; they 
suggested that this variation might be due to increased retention of chlo 
ride ions by the nucleate at the higher concentrations of electrolyte. 

In view of the errors inherent in the method and the possibility that 
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sme degradation of the nucleate might occur during dialysis, it is diffi- 
ult to assess just how much significance should be attached to the slight 
tend of our own data toward higher values of charge with increased elec- 
trolyte. It is clear, however, that the data show no evidence of an in- 


TABLE I 
Charge of Sodium Desoxyribonucleate from Measurement of Membrane Potentials 
NaCl concentration outside | | ye* atoms 
Sodium desoxyribonucleate; t = 24°; nucleic acid P = 0.0096 m 
M per | mv. 
0.005 | —9.41 1.444 1.56 
0.005 | —9.66 1.459 1.60 
0.01 | —5.45 1.237 1.77 
0.01 —5.76 1.253 1.90 
0.02 —2.50 1.103 1.66 
0.02 | —2.50 1.103 1,66 
0.05 —1.28 1.051 2.08 
0.05 —1.26 1.051 2.08 
0.08 —0.79 1.031 2.12 
0.08 —0.84 1.033 2.20 
0.10 —0.59 1.026 2.12 
0.10 —0.55 1.022 1.79 
Sodium desoxyribonucleate; ¢ = 24°; nucleic acid P = 0.0145 m 
0.02 | —4.12 | 1.172 1.77 
0.02 | —3.92 ! 1.166 | 1.69 
0.05 | —1.72 | 1.070 1.88 
0.05 | —1.69 | 1.068 | 1.82 
Alkali-treated sodium desoxyribonucleate; t = 24°; nucleic acid P = 0.0090 m 
0.01 —5.30 1.230 1.84 
0.01 —5.35 1.232 1.84 
0.08 —0.72 1.029 1.99 
0.08 —0.79 1.031 2.20 
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TaBLE I—Concluded 


Membrane Negative 
NaCl concentration outside F ye* charge per 
potential 


Acid-treated sodium desoxyribonucleate; t = 24°; nucleic acid P = 0.0093 m 


M per l. mo. 

0.01 —4.88 1.214 1.69 

0.01 —4.81 1.211 1.67 

0.08 —0.66 1.026 1.77 

0.08 —0.72 1.029 1.95 


Dried sodium desoxyribonucleate; t = 24°; nucleic acid P = 0.0096 m 


0.01 —6.08 1.268 2.00 

0.01 —5.50 1.240 1.81 

0.08 —0.75 1.030 1.99 

0.08 —0.76 1.030 1.99 

* y. calculated from = —RT'/F In y., E being the measured membrane poten- 


tial in millivolts. 


+ Charge per 4 atoms of P = 4(Na; — Cl;)/Ppna = — Cl./y.)/Povxs, 
where Na, and Cl, are the concentrations of the ions, in moles per liter, on the out- | 
side of the membrane after establishment of dialysis equilibrium, and Na, and [ 
Cl; the equilibrium concentrations of free ions inside the membrane as calculated | 
from the relationship y, = Na;/Na, = Cla/Cl:. Ppwa is the concentration of ‘nu- 


cleate phosphorus in moles per liter. 


tS.d. = >(d)/(n—1). 


creased binding of sodium as the electrolyte is increased. An averaging : 


of all of the charge data yields for two different series a charge per 4 P 


atoms of 1.89 + 0.23 and 1.79 + 0.08. In these calculations the assump- | 
tion was made that the activity coefficients of the ions are the same on | 
both sides of the membrane. Corrections for differences of activity co | 
efficients involve some uncertainty, since they depend on knowledge of 
the charge of the nucleate, which itself depends on the extent of binding. | 


We have also made calculations, using the Debye-Hiickel equation, and 


the assumptions that the nucleate had 2 and 4 charges per 4 P atoms. | 


The resulting values of charge were only slightly higher, averaging 1.99 + 
0.19 for the assumption of 2 charges and 2.19 + 0.24 for 4 charges. 


Results of membrane potential studies with alkali-treated, acid-treated, | 
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and dried nucleate are also given in Table I. It is seen that the charges 
of the treated samples of nucleate are close to that found for the original 
material. 

A calculation of the extent of binding of sodium ions from the charge 


TaBLeE II 
Binding of Sodium Chloride by Desoxyribonucleate from Analytical Measurement 


. Excess Excess 

NaCl concentration outside Clo Nait — ah chloride | sodium 
lk N ions per | ions per 

Clie ao per 4 p* 4 Pt 4 PS 


(1) (2) (3) (4) (5) (6) (7) 


Sodium desoxyribonucleate; ¢ = 24°; nucleic acid P = 0.0096 m 


M per 
0.005 1.286 | 2.66 2.86 | 1.442 0.19 2.53 
0.005 1.286 | 2.66 2.86 | 1.460 0.21 2.46 
0.01 1.125 | 1.85 2.99 | 1.240 0.37 2.46 
0.01 1.064 | 1.69 2.61 | 1.251 0.58 1.83 
0.02 1.059 | 1.34 2.28 | 1.103 0.33 1.91 
0.02 1.048 | 1.33 2.28 | 1.103 0.33 1.83 
Sodium desoxyribonucleate; t = 24°; nucleic acid P = 0.0145 m 
0.02 1.094 | 1.58 2.62 | 1.173 0.33 2.18 
0.02 1.100 | 1.61 2.73 | 1.168 0.28 2.38 
0.05 1.050 | 1.27 2.98 | 1.070 0.28 2.70 
0.05 1.046 | 1.25 2.87 | 1.069 0.31 2.54 
2.71 0.32} 2.28 
+0 .26 +0.11 | 40.32 


Nat, Nao, Clit, and Cl, are the total concentrations, in moles per liter, of so- 
dium and chloride determined by analysis. 

* Calculated on the assumption that no chloride is bound from Na bound per 
4P = 4(Na;: — Naoya)/Ppna, where ye = Cl./Cli: and Ppna is the concentration 
of nucleate phosphorus in moles per liter. 

t ye taken from membrane potential data of Table I. 

t Excess chloride per 4 P = 4(Cli, — Cl./y.)/Pbwa. 

§ Excess sodium per 4 P = 4(Nay: — Na.y.)/Pobna. 

| Average of ten values. 


data alone involves the assumption that no chloride is bound and that no 
sites other than charged phosphate residues are involved. However, as 
quoted above, the results of Creeth and Jordan indicate a very consider- 
able retention of chloride unless it is assumed that the binding of sodium 
decreases with increasing concentration of sodium. In order to answer 
these questions we have also carried out, in the dialysis equilibrium ex- 
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periments with the undegraded nucleate, analyses of the total sodium 
and chloride on the two sides of the membrane. These data are summar- 
ized in Table II. Columns 2 and 3 give the actual analytical ratios: in 
every case the ratio of total sodium inside to that outside the membrane, 
Nait/Nao, is seen to be considerably greater than the corresponding ratio 
of chloride outside to that inside, Cl./Cli#, a result which indicates a 
much higher retention of sodium by the nucleate than of chloride. Col- 
umn 4 was calculated on the assumption that none of the chloride ions 
inside the membrane was bound, and therefore that Cl,/Cl;: is the Don- 
nan ratio. However, the values of the Donnan ratio taken from men- 
brane potential measurements, y., are in every case greater than CL/Cli; 
this presumably means that some retention of chloride ions by the nv- 
cleate also occurs. Columns 6 and 7 give the values of excess sodium 
and chloride inside the membrane (per 4 P atoms) calculated from the 
analytical data and y.. The scatter of the values is to be expected, since 
small errors of analysis of total sodium and chloride are very much magni- 
fied in the calculation of excess sodium or chloride, especially at the higher 
electrolyte concentrations. There does not appear to be any marked 
variation in the extent of the binding of sodium ions over the 10-fold 
range of concentration that was investigated. Likewise, the retention of 
chloride by the nucleate is seen to be low and relatively constant. From 
the averages of Columns 6 and 7 one can calculate an average negative 
charge per 4 P atoms to be 2.04 + 0.32 (4.00 — 2.28 + 0.32), a value in 
good agreement with that derived from the potential data alone, 1.89 + 
0.23. 


DISCUSSION 


The results presented above show that thymus desoxypentose nucleate 
in solutions of sodium chloride carries a negative charge of close to 19 
per each 4 atoms of phosphorus. This deviation from the value of 4, 
which is expected on the basis of structure, is found to be due to the re- 
tention by the nucleate of approximately 2.2 to 2.3 ions of sodium and 
0.3 ions of chloride per 4 P atoms. The close agreement between the 
values calculated from potential and analytical data strongly indicates 
that no appreciable binding of sodium with groups other than phosphate 
occurs. From the fact that the charge was not appreciably changed by 
acid or alkaline treatment or by heating it can be concluded (1) that the 
binding of sodium is a property of some basic subunit which is main- 
tained in these types of depolymerization and (2) that as many of the 
binding sites are available to the sodium in the original highly polymer- f 
ized nucleate as in the degraded forms. The fact that the binding of } 
sodium does not increase over the range 0.005 to 0.1 m NaCl indicates 
that these values of concentration fall in the zone of saturation. It isd | 
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course possible that the equilibrium constants may be different for the 
undenatured and degraded nucleates, but it has not been possible with 
these techniques to obtain reliable data at lower concentrations of elec- 
trolyte. 

In an investigation of the combination of calf thymus desoxypentose 
nucleate and rosaniline Cavalieri and Angelos (8) found an increased 
binding after exposure of the nucleate to acid or alkali. Although in their 
experiments the maximum number of dye molecules actually bound per 
4atoms of P was about 0.11 for the native and 0.37 for the acid-treated 
nucleate, extrapolation of the data indicated that the native material had 
0.84 and the acid-treated nucleate 2.25 binding sites (per 4 P atoms). 
The value of 2.25 is in close agreement with our figures of 2.28 ions of 
sodium bound per 4 P atoms. It therefore appears likely that the same 
sites are concerned in the binding of sodium and dye, but that some type 
of steric hindrance prevents access of the dye but not of the sodium to 
certain of the sites in the case of the original highly polymerized nucleate. 
Although such a conclusion must await studies of competitive binding, 
it is probable that competition occurs between ions, on the one hand, 
and dyes or proteins, on the other, for the binding sites of the nucleic acid. 


SUMMARY 


The binding of sodium chloride and calf thymus desoxypentose nu- 
cleate has been studied by methods involving measurement of membrane 
potentials and analysis of total sodium and chloride after establishment 
of dialysis equilibrium across a cellophane membrane. 

The nucleate is found to bear a negative charge of about 1.9 per each 
4 atoms of phosphorus. This is interpreted as being due to the binding, 
per 4 atoms of phosphorus, of 2.28 ions of sodium and 0.32 ions of 
chloride. 

The extent of binding is not appreciably dependent on the concentration 
of sodium chloride over the range 0.005 to 0.10 m. 

The value of the negative charge per 4 phosphorus atoms was found to 
be nearly the same for the original highly polymerized nucleate and for 
the same material after depolymerization by acid, alkali, or heat. It ap- 
pears, therefore, that the binding of sodium with the nucleate is not de- 
pendent on the original hydrogen-bonded macromolecular structure but 
is a property of some subunit, and that as many of the binding sites are 
available to the sodium in the original highly polymerized material as 
in the degraded forms of the nucleate. 
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III. EXCRETION OF CARBONS 4 AND 26 IN FECES, URINE, AND BILE* 


By M. D. SIPERSTEINT anp I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, January 17, 1952) 


A previous report from this laboratory dealt with the oxidation of the 4th 
and 26th carbons! of cholesterol to COe and their elimination in expired 
air. In 24 hours, an average of 20 per cent of the chain carbon was re- 
covered in expired air, whereas none of the ring carbon appeared as CO, 
(1). In other studies with rats, reported here, it is shown that, even when 
the period of observation is extended to 84 hours, none of carbon 4 is 
eliminated in expired CO,. In further experiments with pups, 13 per cent 
of the 26th carbon and, again, none of the 4th carbon of intravenously 
injected cholesterol were converted to COs in a period of 24 hours.? This 
confirms, in another species, the results reported previously for the rat. 

The finding that none of the 4th carbon of cholesterol was oxidized to 
CO, led us to study other pathways for the elimination of this carbon. 
The present report deals with the excretion of carbons 4 and 26 of choles- 
terol in feces, bile, and urine of the rat. 


EXPERIMENTAL 


Labeled Cholesterol—Cholesterol-26-C™ and cholesterol-4-C“ were syn- 
thesized as described previously (2, 3). We are indebted to Dr. W. G. 
Dauben, Mr. R. A. Micheli, and Dr. J. F. Eastham for the labeled choles- 
terols used in this study. In some experiments, cholesterol emulsions 
prepared by the method already described (1) were injected into either 
a leg or tail vein within 10 minutes after preparation. In other experi- 
ments, cholesterol was dissolved with the aid of Tween 20° and injected 
within 3 hours. Male rats weighing 250 to 400 gm. were used, and, unless 


* Aided by a grant from the United States Public Health Service. 

t Postdoctoral Fellow of the National Heart Institute, United States Public 
Health Service. 

' Carbons 26 and 27 of cholesterol are equivalent. 

? Unpublished observations. 

* We are indebted to John R. Meier for suggesting this procedure for dissolving 
cholesterol. 1 drop of Tween 20 was used to dissolve each mg. of cholesterol. 
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otherwise stated, each received 0.5 to 2.0 mg. of cholesterol in a volume 
of saline that did not exceed 1.0 ml. 

Bile Collectton—Rats were anesthetized with ethyl ether, the common 
bile duct was exposed, and a polyethylene tube (0.025 inch internal diam. 
eter) inserted through a cut in the duct at a point 1.0 to 1.5 em. above the 
sphincter of Oddi. The distal end of the tube was passed through a stab 
wound in the lumbar region. The open end of the distal part of the com- 
mon bile duct was then closed with a single tie. The cannula was secured 
to the bile duct with a double tie and to the skin, at the site of the stab 
wound, with a skin clip. Bile was collected in tared vials. Rats treated 
as described above were kept in restraining cages during the rest of the 
experiment. 

Analytical Procedures. Feces—The feces collected in the short term 
experiment (Experiment Al) were transferred to a 250 ml. Erlenmeyer 
flask, and to them were added 5 ml. of 90 per cent KOH, 5 ml. of water, 
and approximately 5 ml. of alcohol. The mixture was first heated on a 
steam bath for 24 hours and then extracted three to six times, each time 
with 10 volumes of petroleum ether. The extraction was repeated until 
radioactivity was no longer detected in the petroleum ether extract. 
The combined extracts were concentrated, and the C™ content of the 
concentrate was determined by the method of Entenman ef al. (4). 

The water-alcohol phase was acidified and brought to dryness in an at- 
mosphere of CO2. The saponifiable material was then extracted with ethyl 
alcohol until an extract contained no measurable amounts of radioactiv- 


ity. The residue that remained after these alcoholic extractions contained | 


a negligible amount of C'. The alcoholic extracts were filtered, made to 
volume, and their C™ content was determined (4). 

In the long term experiments, each feces sample was macerated and ex- 
tracted three times with ethyl alcohol. The residue was then further 


extracted with alcohol for 24 hours in a Soxhlet apparatus. Negligible | 


amounts of C'™ remained in the residue after this treatment. The pooled 
alcoholic extracts were made to volume, and their radioactivity was de- 


termined by the direct mounting procedure (4). The saponifiable and 3 
non-saponifiable components of each sample were assayed as described | 


above. 


Bile—A suitable aliquot of the excreted bile was mounted directly on | 


an aluminum plate, and its radioactivity was determined in a flow gas 


counter. Mass absorption curves for C“ were constructed with bile, — 
and all experimental values were corrected to zero mass. Saponifiable 


for feces in Experiment Al. 


and non-saponifiable components were determined exactly as described 
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Results 


A. Elimination of Carbons 4 and 26 of Cholesterol in Gastrointestinal Tract 
and Urine 


Short Term Experiments (44 and 84 Hours) with Intravenously Injected, 
Labeled Cholesterol—Rats 1 to 8 were injected intravenously with emul- 
sions containing the labeled cholesterol, and immediately thereafter they 
were placed in individual, all-glass metabolism cages where they had ac- 
cess to food and water. Their expired CO, was collected and its C" 
content determined as described elsewhere (1). At the end of 44 or 84 
hours, the rats were sacrificed, and their gastrointestinal contents were 
washed out with water and alcohol. The feces were allowed to dry on the 
floors of the cages; this facilitated their removal. The cages were then 
washed with alcohol, and the washings and feces were combined with 
the contents of the large intestine for analysis. In these experiments, 
feces and urine were not separated.* 

The extent to which carbons 4 and 26 of intravenously injected choles- 
terol emulsions are eliminated from the body is shown in Table I. Carbon 
4 is lost from the body almost entirely by a single route, namely, the gas- 
trointestinal tract. Although expired air is the main path of elimination | 
of carbon 26, a significant portion of it was also recovered in the gastro- 
intestinal contents. 

It is evident from Table I that at the end of 84 hours most of carbon 
4 (60 to 70 per cent) in the small and large intestine was present as saponi- 
fiable material, whereas the major portion of the terminal carbon was re- 
covered in the non-saponifiable fraction. 

15 Day Experiments with Intravenously Injected Cholesterol-4-C'\—Three 
rats (Nos. 9 to 11) were injected intravenously with an aqueous solution 
of cholesterol-4-C" prepared with Tween 20. The combined feces and 
urine were collected at the end of the lst day and thereafter at 2 day in- 
tervals. The total period of observation was 15 days, and during that 
time the rats were fed ad libitum. A single result is shown in Fig. 1 
(Rat 9); in the case of this rat practically all of the injected C™ was elim- 
inated in feces in 15 days. In the other two rats, 81 and 83 per cent were 
recovered in that time. 

The distribution of the fecal C' between saponifiable and non-saponi- 
fiable components is also shown in Fig. 1. In the feces collected during 
the Ist day about 70 per cent of the excreted C™ was found in the saponi- 


‘No correction was made in these experiments for the small amount of C con- 
tributed by urine (see Section E). 
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fiable fraction; at later intervals up to 15 days approximately 90 per cent 
of the excreted C was recovered in the saponifiable fraction. 
Long Term Experiment with Orally Administered Cholesterol-4-C''—The 


TABLE I 
Excretion of Carbons 4 and 26 of Cholesterol into CO: and Gastrointestinal Tract 


Percentof =p fT. Fractionation of cholesterol 
admini stered | olestero 
| | | | Small intestine | Large intestine 
Rat No. Interval | | contents and 
| gastro- Small - Large Per cent of S. Per cent of 
| CO: intestinal intestine intestine foundas found as 
| | | consents | 
| ‘ | -  Non- -  Non- 
| | Saponi- |Saponi- _Non- 
| | | | fiable | | “fable Saponi 
hrs. | 
1 44 27.6 386.2 63.8 86 | 14 | 82 | 17 
4° C4 0 2.2 47.0 | 53.0 | 86 14 79 
3 44-26 8.1 23.5 76.5 | 42 | 
4 44 C-26 17.6 8.2 26.8 | 73.2 36 sé 43 57 
5) 84 | C-4 i O 31.0 29.7 70.3 58 42 | 69 31 
6 81 C4 ! 0 39.1 | 24.3 | 75.7 | 62 | 388 | 72 | B 
7 84 C-26 — 30.6 18.4 30.2 | 69.8 3 | OF | 37 63 
8 84 C-26 40.5 16.2 30.1 69.9 4 | 96 36 64 
96- 
84+ 
co. 
uJ 
48+ 
24+ 
ae (27 


DAYS 
Fic. 1. Cumulative percentages of C' excreted in feces following intravenous 
administration of cholesterol-4-C™. The rat (No. 9) received 4.25 mg. of choles- 
terol containing 2.55 K 10° c¢.p.m. Food and water were fed ad libitum. 


labeled cholesterol was dissolved in | ml. of water with Tween 20, and ad- 
ministered by stomach tube to a single rat (No. 12) that had been deprived 
of food for 12 hours. Immediately thereafter the animal was placed in a 
metabolism cage where it had access to food and water. Feces were col- 
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lected at the end of the lst day and thereafter at 2 day intervals for a 
total of 15 days. The results are shown in Fig. 2. 

About 20 per cent of the administered C™ was recovered in the non- 
saponifiable fraction of feces excreted during the first 24 hours. This 


NONSAPONIFIABLE 
SAPONIFIABLE 


OF ORALLY ADMINISTERED 


EXCRETED PER DAY 


PER 


Fic. 2. Percentages of C™ excreted in feces per day following oral administration 
of cholesterol-4-C™ to Rat 12. Feces were collected for the first 24 hours and at 
48 hour intervals thereafter. The average daily excretion of C' is plotted. The 
rat received 3.25 mg. of cholesterol containing 1.95 K 10°c.p.m. This rat was fasted 
for 12 hours before it received the cholesterol, but the diet was fed ad libitum there- 
after. 


NONSAPONIFIABLE +x 
SAPONIFIABLE 


PER CENT OF INJECTED c* 
EXCRETED PER DAY 


T T T T 
8 10 12 


6 
DAYS 

Fic. 3. Percentages of injected C™ excreted per day by Rat 10 following intrave- 
nous administration of cholesterol-4-C'. Daily excretions are plotted for purposes 
of comparison with Fig. 4. 


undoubtedly represents mostly that portion of the administered choles- 
terol that passed through the gut without being absorbed. The C™ 
found in the non-saponifiable fraction of feces after the 4th day was quite 
small. Thus, on the 4th day the non-saponifiable C™ amounted to less 
than 2 per cent of the administered C™, and on the 10th day it was less 
than 1 per cent. 

About 2 per cent of the administered C“ was found in the saponifiable 
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fraction of feces collected at the end of the Ist day. The C™ found in the 
saponifiable fraction of the feces collected during the 2nd and 3rd days 
amounted to about 12 per cent of the fed C™, or about 6 per cent per day, 
These findings should be compared with those observed in the study with 
Rat 10 (Fig. 3) that received labeled cholesterol intravenously. In this 
case, about 20 per cent of the administered C was present in the saponi- 
fiable fraction of the feces excreted during the 2nd and 3rd days. As 


OUND IN BILE 


@ 
| 


CARBON 4 


CARBON 26 

T T T 

Oo 6 i8 24 30 36 42 48 

HOURS 

Fic. 4. Cumulative percentages of C' excreted in bile following intravenous ad- 

ministration of emulsions of cholesterol-4-C™ or cholesterol-26-C". 

rat that was fasted during the experimental period. All other animals were fed ad 
libitum. 


4 


PER CENT OF INJECTED c% F 


will be shown below, this fraction represents C™ eliminated in bile. The 
smaller elimination observed with the orally administered cholesterol is 
due in part to incomplete absorption of the cholesterol. It is of interest 
to note, however, that after 7 days the percentages of the saponifiable 
C" that appeared each day in the feces were about the same, regardless of 
the route of administration of the cholesterol. 


B. Excretion of Cholesterol Carbons in Bile 


Experiments with Intravenously Injected Cholesterol—The recovery of 
significant amounts of both carbons in the upper intestinal tract following 
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the intravenous injection of the labeled cholesterol (Table I) suggested 
bile as a path of elimination. Seven rats (Nos. 13, 20, 21, and 24 to 27) 
with cannulae in their common bile ducts received intravenously emulsions 
of either cholesterol-4-C™ or cholesterol-26-C™; the excretion of C™ in 
the bile of these rats is shown in Fig. 4. In 24 hours, 20 to 30 per cent of 


48+- 


CARBON 4 


CARBON 26 


12 « 60 


HOURS 


Fic. 5. Cumulative percentages of C' excreted in bile. The open symbols repre- 
sent values obtained in experiments with rats that received cholesterol-4 or choles- 
terol-26-C'* intravenously as a water-Tween 20 solution. The solid symbols 
represent values found with rats that received water-Tween 20 solutions of choles- 
terol-4-C'* by stomach tube. C"™ present in gastrointestinal tract and feces of 
the latter animals at the end of the experimental period was assumed to have been 
unabsorbed. All rats were fed ad libitum. 


PER CENT OF INJECTED OR ABSORBED C* FOUND 


carbon 4 was recovered in bile, and, in 46 hours, as much as 45 per cent. 
In 48 hours, less than 10 per cent of carbon 26 was eliminated in bile. 

Similar experiments were carried out with labeled cholesterol dissolved 
in water with Tween 20 (Rats 15, 19, 22, 23, and 28 to 30). The results 
of these experiments (Fig. 5) agreed well with those observed when the 
emulsions were used. 

Experiments with Fed Cholesterol—The excretion of carbon 4 of orally 
administered cholesterol is also shown in Fig. 5 (Rats 29 and 30). The 
values are in good agreement with those observed in the experiments with 
parenterally administered cholesterol. 
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C. Non-Biliary Excretion of Cholesterol into Gastrointestinal Tract 


The gastrointestinal contents of Rats 13 to 23 were also collected and 
analyzed for C“. Table II shows the extent to which carbons 4 and 26 of 
intravenously injected cholesterol are excreted into the gastrointestinal 
tract when bile is diverted from entering the intestinal lumen. Under 
these experimental conditions the non-biliary component amounted to 
about 6 per cent of the carbon 4 excreted into the intestinal tract. In the 


TABLE II 


Biliary and Non-Biliary Excretion of Carbons 4 and 26 of Cholesterol into Intestinal 
Tract 


| 
‘Fractionation of cholesterol carbon 
| Excretion of carbons 4 and 26 of 


| 

| cholesterol in rats with bile fistulae 

| Biliary contents 

| Time after admin-| 

Rat No. Label istration of labeled Per cent of T. | Percent of _——~Per cent of 

| cholesterol . present in B. found as I. found as 

| _Per cent of in- 

jected C™ recov- | 

| Non 

| contents (T.) | | | feble fable 

| (I.) | 

13 4 | 36 33.1 97 (96 
14 4 | 30 16.2 | 95 91 9 3 97 
15 4 | 51 41.0 | 96 4 | 94 6 6 | 94 
16 4 62 47.9 | 9 | 10 | 7 6 94 
17 4 62 39.5 9 9 87 | 13 6 694 
18 4 62 47.7 | 9 | 6 | 79 | 21 | 14 | 86 
19 4 | 64 42.8 | 9765 «638 | (94 6 | 3 | 97 
20 26 48 7.5 | | 1 | | 9 | 36 | 6 
22 26 51 9.2 | 8 | 17 | 8 | 18 | 6 38 
23 26 53 9.3 67 («13 3 


case of carbon 26, the non-biliary component amounted in one rat to as 7 
much as 33 per cent of that excreted into the gut. It should be remem- | 
bered, however, that, since a large percentage of this carbon was elimi | 


nated as COs, the non-biliary component probably represents less than 10 
per cent of the total excreted (COs, feces, bile, and urine). 


D. Distribution between Saponifiable and Non-Saponifiable Fractions of C" es 


Found in Bile and in Non-Biliary Intestinal Contents 


The last four columns of Table II show the distribution of the biliary 2 
and non-biliary C™ between saponifiable and non-saponifiable fractions — 


ons 
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(Rats 13 to 23). Carbon 4 in bile was found primarily in the saponifiable 
fraction, Whereas carbon 4 recovered in the gastrointestinal tract, having 
presumably arrived there by direct passage through the intestinal wall, 
was found mainly in the non-saponifiable component; 7.e., cholesterol, 
coprosterol, dihydrocholesterol, ete. Carbon 26 was likewise excreted in 
the bile mainly as saponifiable material. 


EB. Urinary Excretion of Carbons 4 and 26 of Cholesterol 


Table III shows the urinary excretion of the 2 cholesterol carbons fol- 
lowing intravenous administration of the cholesterol as an aqueous solu- 


TaBLe III 
Urinary Excretion of Carbons 4 and 26 of Cholesterol 

13* 4 36 0.24 
24* 4 48 0.80 
15* 4 51 | 0.62 
16* 4 66 | 0.74 
17* d 62 | 0.19 
18* 4 62 | 0.22 
19* 4 64 | 0.44 
31t 4 24 | 0.51 
32T 4 24 | 0.43 
33T 4 24 | 0.64 
23* 26 53 | 0.25 
22* 26 51 | 0.35 


* Cannulae were inserted into the bile ducts of these rats. 
t These rats were catheterized by inserting cannulae directly into their bladders. 


tion. Because of the possibility of incomplete recovery of urine, as well 
as of a slight fecal contamination in our cages, urine was obtained from 3 
rats (Nos. 31 to 33) by inserting catheters directly into their bladders; the 
urinary C™ values were in the same range as those observed with uncathe- 
terized rats. Thus, urine plays a minor réle in the excretion of either car- 
bon 4 or 26 of cholesterol. 


DISCUSSION 


The purpose of the present investigation was to determine the routes 
by which carbons 4 and 26 of cholesterol are excreted from the body. 
The intact rat eliminates the 4th carbon of the nucleus almost exclusively 
in the feces, whereas the terminal chain carbons are excreted into the 
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gastrointestinal tract and as expired COs, but mainly as the latter. Urine 
is unimportant in the excretion of cholesterol. 

Since large amounts of carbon 4 were recovered in feces, we sought to 
determine how much of it passed directly through the intestinal wall and 
how much was carried as bile into the intestinal tract. Of the total C¥ 
that could have entered the gastrointestinal tract, 94 per cent (average 
value) of carbon 4 and 80 per cent (average value) of carbon 26 reached the 
intestinal tract via bile. Furthermore, from the data shown in Fig. | 
and in the fourth and sixth columns of Table II, it is possible to make a 
comparison between the carbon 4 elimination by the intact rat and that by 
the rat whose bile was diverted from entering the intestinal tract. In 
the latter, the carbon 4 recovered in the feces amounted to approximately 
one-tenth that observed in the intact rat. 

Finally, it is demonstrated that the majority of carbon 4 of cholesterol 
is excreted as saponifiable material, while less than 10 per cent is found in 
the non-saponifiable fraction of either bile’ or whole feces. 

Since the discovery of coprosterol in feces by Bondzynski and Humnicki 
in 1896 (5), it has been considered an important end-product of choles- 
terol metabolism. Indeed, by 1934 studies involving this sterol were 
sufficiently convincing to allow Dam to state, ‘“‘cholesterol of exogenous 
or endogenous origin is eliminated with the faeces mainly in the form of 
coprosterol” (6). The mechanisms involved in the conversion of choles- 
terol to coprosterol and the routes of its excretion have been extensively 
studied with aid of both isotopic and non-isotopic methods (7-10). These 
and other investigations soon indicated that the immediate precursors 
of coprosterol were excreted through the intestinal wall and only to a 
minor extent into the bile (11-14). This evidence, together with that of 
Sperry (15) and others (16-18), demonstrating that animals with bile fis- 
tulae excreted at least as much cholesterol into the feces as did intact con- 
trols, led most investigators to look upon bile as a minor route in choles- 
terol excretion (19, 20). 

Our observation that bile and expired CO, constitute the chief routes for 
the elimination of cholesterol end-products is not in agreement with these 
earlier findings. An explanation for the disagreement lies in the fact that 
relatively little of the administered cholesterol is excreted as either un- 
changed cholesterol, coprosterol, or as any other non-saponifiable com- 
pound. Thus, the emphasis that has been placed upon coprosterol and 
other non-saponifiable components of the feces and bile has tended to 
stress unduly the importance of the intestinal wall in cholesterol excretion. 


5 Bloch et al. have demonstrated that cholesterol can be converted to cholic acid 
in the body (21). They made no attempt to evaluate the quantitative significance 
of this conversion in cholestero! excretion. 
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Indeed if we were to consider only the non-saponifiable excretory products 
in our data, the intestinal wall would contribute a significant percentage 
of excreted carbon 4 (Table II). But when all components, 7.e. the sa- 
ponifiable as well as the non-saponifiable, are taken into account, the 
non-biliary contribution actually amounts to only 10 per cent of the 
total carbon 4 excreted. 


SUMMARY 


1. The excretion of the 4th carbon of the cholesterol nucleus and of the 
terminal carbons of its chain into feces, bile, urine, and expired air was 
studied. 

2. Carbon 4 was eliminated from the body almost entirely with feces. 
Negligible quantities of this carbon were recovered in urine, and none 
in expired CQ». 

3. Carbon 26 of cholesterol was excreted in both expired air and feces, 
but primarily in the former. 

4. At least 90 per cent of carbon 4 recovered in feces reached the in- 
testinal tract via bile. Not more than 10 per cent was excreted directly 
through the intestinal wall. 

5. The majority of the labeled nucleus carbon was excreted in bile and 
feces as a saponifiable compound or compounds. 

6. The small portion of carbon 4 which did reach the feces by passage 
through the intestinal wall was largely in the form of non-saponifiable 
compounds. 

7. The conclusion is drawn that only a small fraction of body cholesterol 
is excreted as non-saponifiable compounds; 7.e., cholesterol itself, copros- 
terol, or dihydrocholesterol, etc. 
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IV. OXIDATION OF CARBONS 4 AND 26 TO CARBON DIOXIDE 
BY SURVIVING TISSUES* 


By J. R. MEIER, M. D, SIPERSTEIN,f{ anp I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 31, 1952) 


A recent report from this laboratory dealt with the oxidation to CO, 
of a ring and terminal chain carbon of the cholesterol molecule by the in- 
tact rat (1). A pronounced difference in the extent of their conversion to 
CO. was observed. About 20 per cent of carbon 26 was recovered as ex- 
pired CO, in 24 hours; practically none of the ring carbon was so oxidized. 

The rapid appearance of the terminal chain carbons in the expired air 
of the intact animal led us to study the ability of various tissues to carry 
out this oxidation. It is shown here that carbon 26 is converted to CO: 
most rapidly in the liver, at lesser rates in kidney, adrenal, testes, and 
spleen, and to no measurable extent in lung and in adult and baby brain. 
The finding that carbon 4 of cholesterol 1s not oxidized to CO, to any 
appreciable extent is also confirmed by studies in vitro reported here. 


EXPERIMENTAL 


Labeled Cholesterol—Cholesterol-4-C™' and cholesterol-26-C™ were used 
in this study. We are indebted to Dr. W. G. Dauben, Dr. J. F. Eastham, 
and Mr. R. A. Micheli for preparing these sonpennile. 

Preparation of Cholesterol Emulsion—Emulsions containing the labeled 
cholesterol were prepared exactly as described earlier (1). 

Preparation of Aqueous Solution of Cholesterol—Tween 20 was first added 
to the dry crystalline cholesterol (1 drop per mg. of cholesterol) and mixed 
with just enough alcohol to bring the cholesterol into solution. The alco- 
hol was then evaporated on a steam bath, the last traces being removed 
with a stream of CO.. The viscous solution of cholesterol in the Tween 
could then be diluted to any desired volume with saline or water. An 
aliquot of this solution was oxidized to CO» by the Van Slyke wet combus- 
tion method (2), the CO. was converted to BaCO3;, and the C™ content 
of the latter was determined as described elsewhere (3). All C measure- 
ments in this study were carried out with a gas flow counter. 


* Aided by a grant from the United States Public Health Service. 
t Postdoctoral Fellow of the National Heart Institute, United States Public 
Health Service. 
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Experiments with Intravenously Injected Cholesterol Emulsions—Rats of 
the Long-Evans strain, weighing approximately 250 gm., were lightly 
anesthetized with ether, and about 1 cc. of the emulsion containing 3 mg. 
of labeled cholesterol was injected intravenously into the leg or tail vein. 
10 minutes later the rats were sacrificed by cervical fracture, and the livers 
were rapidly excised and placed in cold Krebs-Henseleit phosphate buffer 
(pH 7.4). Slices were prepared from a portion of each liver, and 3 gm. of 
such slices were incubated for 3 hours at 37° in a 250 ce. flask similar to that 
described by Chernick et al. (4). Pure oxygen was used as the gas phase. 
The collected CO2 was converted to BaCQ3;, and its C content was deter- 
mined as described elsewhere (3). 


TABLE I 
Oxidation of Carbons 4 and 26 of Cholesterol to CO. by Surviving Liver Slices 


3 gm. of liver slices were incubated in each flask, as described in the text. 


C'*.Cholesterol 
Label C.p.m. per flask 
I . C-26 326, 500 1.1 
C-26 326, 500 Bia 
| C-4 | 60 , 000 0* 
C-4 | 60 , 000 0* 
II C-26 | 225,000 0.43 
| C-26 | 225,000 0.77 
C-4 242,000 0* 
C-4 | 242,000 0* 


* Less than 0.1 per cent, the limit of accuracy of our method. 

A separate portion of each liver was hydrolyzed with alcoholic KOH for 
12 hours. The hydrolysate was made acid to brom cresol green with 6 
N HCl, and extracted with petroleum ether. Aliquots of this petroleum 
ether extract were dried and burned with Van Slyke’s wet combustion mix- 
ture, and the C™ assayed as BaC™“QO;. The total petroleum ether-extract- 
able radioactivity was taken to represent the amount of radiocholesterol 
present in the slices at zero time (10 minutes after injection). From this 
figure the percentage of radiocholesterol converted to COs» in 3 hours was 
calculated. 

Experiments with Aqueous Solutions of Cholesterol—In these experiments 
the Tween 20-saline solutions of cholesterol were added directly to the 
phosphate buffer. 1 ce. of the solution, containing 1 mg. of cholesterol, 
was transferred to a 50 cc. incubation flask to which had been added 4 ce. 
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of the phosphate buffer and 1.5 gm. of tissue slices. Pure oxygen was used 
as the gas phase. The CO, evolved was determined as described above. 
Brain was minced. It required six brains of the 1 day-old rats to yield 
about 1.5 gm. of tissue, the amount added to a single flask. 
Beef adrenals were obtained from a local abattoir and kept in a cello- 
phane bag, on ice, until sliced. 


TABLE II 


Oxidation of Carbon 26 of Cholesterol to CO2 by Surviving Tissues 
Approximately 1.5 gm. of slices of each tissue were incubated in each flask, as 
described in the text. 


Per cent of added Per cent of added 
Tissue C-26* oxidized Tissue C-26* oxidized 
to COz to COz 
Liver (rat)... . 0.27 Testes (rat). ........... 0.06 
0.13 Brain (adult rat)... 0.014 
0.12 Brain (baby rat)....... 0.010 
0.11 Broiled liver... ........ 0.000 


* All tissues except adrenal and testes were incubated with 879,000 c.p.m. of 
cholesterol-26-C!*. In the case of adrenal and testes 320,000 c.p.m. were used. 


Results 


Table I shows the extent to which carbons 4 and 26 of cholesterol, in- 
jected as emulsions, are oxidized to CO». by surviving liver slices. Be- 
tween 0.4 and 1.2 per cent of carbon 26 was oxidized in 3 hours. Measur- 
able amounts of carbon 4 were not recovered in the CO: collected for 3 
hours. 

The low uptake of C" by tissues other than the liver, when the choles- 
terol emulsions were injected, led us to the study of methods for dissolving 
cholesterol in water. Several surface-active agents were tested and Tween 
20 was found most satisfactory in rendering cholesterol soluble in water. 
Aqueous solutions so prepared were not toxic to tissue slices under the 
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conditions established here. This method of dissolving cholesterol in 
water allowed us to compare the relative capacities of various tissues to 
oxidize carbon 26 of cholesterol to CO2. Such a comparison is shown in 
Table II. 


DISCUSSION 


In the present study we made use of two procedures in order to introduce 
the labeled cholesterol into surviving tissue slices. In one, the labeled 
cholesterol was injected intravenously into the rats immediately before 
the liver was excised for slicing. The demonstration that cholesterol 
becomes soluble in water in the presence of small amounts of Tween 20 
was the basis of the second procedure, and this made possible a study of 
the oxidation of cholesterol added directly to the medium. From the 
results obtained, it would appear that the capacity of the liver to oxidize 
the terminal carbons of cholesterol to COs, exceeds by far that of any of 
the other tissues studied. Since it was shown earlier in this laboratory 
that the liver eliminates the breakdown products of cholesterol via bile 
(5), it now becomes clear that the liver is not only the chief organ for the 
synthesis of cholesterol but also the tissue in which it is degraded and 
eliminated from the body. 

The relative inability of the brain of the adult rat to oxidize the terminal 
carbons of cholesterol to COs is none too surprising, since it has been 
amply shown that adult brain has lost the capacity to synthesize this 
sterol. Our failure to demonstrate the oxidation of carbon 26 to COs, by 
the brain of the new-born rat was, however, unexpected, since baby brain 
is one of the most active sites of cholesterol synthesis; indeed it is almost as 
active as liver as judged by the capacity of slices of these tissues to in- 
corporate acetate carbon into cholesterol (6). These findings with baby 
brain indicate that rapid synthesis and destruction need not coexist in the 
same tissue. Apparently cholesterol once synthesized in the developing 
brain is fixed there. 

The finding that hepatic tissue, despite its marked ability to oxidize 


carbon 26, produced no CO, from cholesterol-4-C™ confirms the results | 


of our previous study in vivo (1). 


SUMMARY 


1. The preparation of a non-toxic, aqueous solution of cholesterol is 
described. With such a solution the oxidation of cholesterol-26-C"™ by 
surviving tissue slices was studied in vitro. 

2. Liver, kidney, adrenal, testes, and spleen can oxidize carbon 26 of 
cholesterol to CO,.. The liver is by far the most active. 

3. No CQO, was recovered in experiments with slices prepared from the 
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livers of rats that had been injected intravenously with emulsions contain- 
ing cholesterol-4-C™. Under identical experimental conditions, as much 
as 1 per cent of the C™ of cholesterol-26-C" in the liver slices was recovered 
as CO: in 3 hours. 
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C4-CHOLESTEROL 


V. OBLIGATORY FUNCTION OF BILE IN INTESTINAL ABSORPTION 
OF CHOLESTEROL* 


By M. D. SIPERSTEIN,{ I. L. CHAIKOFF, ann W. O. REINHARDT 


(From the Divisions of Physiology and Anatomy of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, April 14, 1952) 


Although evidence indicating a réle of bile in the absorption of choles- 
terol and fat is not lacking (1-3), the experimental limitations associated 
with earlier attempts to measure intestinal absorption made it difficult to 
obtain reliable quantitative data. The availability of C'-labeled choles- 
terol and C!*-labeled palmitic acid now makes possible a direct attack on 
this problem. It is shown here that the presence of bile is an obligatory 
requirement for cholesterol absorption. When, in the rat, bile is prevented 
from entering the intestinal tract, enterally administered cholesterol-C™ 
cannot be recovered in either the thoracic duct or lacteal lymph. Bile 
also enhances the intestinal absorption of palmitic acid, but it is not ob- 
ligatory in this regard; in spite of the complete absence of bile, small amounts 
of enterally administered palmitic acid-C"™ were recovered in thoracic duct 


lymph. 
EXPERIMENTAL 


Rats of the Long-Evans strain, weighing 320 to 400 gm., were used. 
Either thoracic duct or lacteal lymph was collected, as noted in Figs. 1 
and 2. The treatment of the animals and the surgical procedures have 
been described previously (4). Briefly, the rats were fasted for 24 to 36 
hours, followed by 12 hours of feeding ad libitum. A cannula was then 
introduced into the thoracic duct or intestinal lacteal, and also into the 
bile duct in some cases. The rats were then placed in restraining cages 
and allowed free access to food and water. At the end of 24 hours they 
were lightly anesthetized with ether and fed the test meal by stomach 
tube. The animals were then returned to the restraining cages and fed 
ad libitum for the remainder of the experiment. 

The preparation of the cholesterol-4-C" and the palmitic acid-1-C™ 
has been described previously (5, 6). 0.5 mg. of cholesterol or 10 mg. of 
palmitic acid were dissolved in 0.25 ml. of corn oil and administered to 


* Aided by a grant from the United States Public Health Service. 
t Postdoctoral Fellow of the National Heart Institute, United States Public 
Health Service. 
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each animal by stomach tube. We are indebted to Dr. W. G. Dauben, 
Dr. J. F. Eastham, and Miss Mildred Gee for the preparation of the 
labeled compounds. 

Lymph was collected directly in 50 ml. volumetric flasks which con- 
tained approximately 20 ml. of water, 2 drops of Tween 20, and 5 drops of 
heparin. This solution tended to retard clotting of the lymph. When 
clots did occur, however, they were dissolved by adding 1 ml. of 90 per 
cent KOH and heating gently on a steam bath. At the end of the collee- 
tion period the flasks were made to volume, and 1 ml. aliquots were mounted 
directly on aluminum disks. ‘Total C™ was determined with a gas flow 


IN LYMPH 


ACID RECOVERED 


PER GENT OF ADMINISTERED PALMITIC 


y 
0 4 8 2 6 20 24 2 


Fig. 1. The closed symbols represent the recovery of C™ in lymph of a normal rat 
following the enteral administration of palmitic acid-1-C'. The recoveries of C' 
in lymph of rats in which bile had been prevented from entering the intestinal tract 


are shown by open symbols. 


counter, mass correction being made for the dried lymph as well as for 
the KOH when necessary. 

Experiments on Rats with Cannulae Inserted into Thoracic Ducts or Intes- 
tinal Lacteals—The results of the experiments in which labeled cholesterol 
or labeled palmitic acid was introduced into the stomachs of normal rats 
provided with either thoracic duct or lacteal cannulae are shown in Figs. 
1 and 2. The recoveries of the C™ of the administered cholesterol-4-C" 
in lymph varied from 21 to 48 per cent.! 34 per cent of the administered 
palmitic acid was recovered in lymph in 24 hours. 

Experiments on Rats with Cannulae in Both Lymph and Bile Ducts— 
In the three animals in which bile was prevented from entering the in- 
testinal tract 24 hours before the cholesterol-C" administration, essentially 


1 It has been previously shown in rats with thoracic duct cannulae that practi- 
cally all of the absorbed cholesterol enters the body via the lymph (7). 
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none (<0.01 per cent) of the C™ could be recovered in lacteal or thoracic 
duct lymph. 

Fig. 1 shows the influence of bile upon palmitic acid absorption. The 
absorption of palmitic acid is markedly reduced below the normal value 
of 34 per cent when bile is diverted from the intestinal tract; however, in 
contrast to the case of cholesterol, 2 to 7 per cent of palmitic acid can be 
absorbed without the aid of bile. 


= 48 


$ 


~ 


at+/J/ 

Wz 

0 4 8 12 6 20 24 28 
HOURS 


PER CENT OF ADMINISTERED CHOLESTEROL RECOVERED IN 


Fic. 2. The symbols represent the lymphatic recovery of C'* following enteral 
administration of cholesterol-4-C™. Experiments in which cannulae were inserted 
into the thoracic duct (@, ™), or into the intestinal lacteal (A). O, three experi- 
ments in which cannulae were inserted into both the lymphatic and bile ducts; in 
one rat lymph was collected from the thoracic duct, and in the other two from the 
intestinal lacteal. 


SUMMARY 


1. The influence of bile upon the lymphatic absorption of enterally 
administered C'-labeled cholesterol and palmitic acid has been studied. 

2. Bile is an obligatory requirement for the passage of cholesterol from 
the intestinal tract to the lymph. 

3. The presence of bile markedly increased the absorption of palmitic 
acid. Small amounts of palmitic acid can, however, be absorbed even 
when bile is completely eliminated from the intestinal tract. 
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INCORPORATION OF ACETATE CARBON INTO GLUCOSE 
BY LIVER SLICES FROM NORMAL AND 
ALLOXAN-DIABETIC RATS* 


By E. H. STRISOWER, G. D. KOHLER, anp I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 31, 1952) 


In a previous report (1) we demonstrated the incorporation of palmitic 
acid carbon into glucose in the intact rat and estimated the quantitative 
significance of this process in the normal and alloxan-diabetic animal. 
Even though the values obtained represented the lower limit of the ex- 
tent of this process, the results indicated that conversion of fatty acids to 
carbohydrate is a demonstrable metabolic process. 

The present investigation deals with the conversion of acetate to glu- 
cose by surviving rat liver slices. In experiments with normal livers, 3 
to 6 per cent of the C!* was recovered as glucose from acetate-1-C™ and 
10 to 19 per cent from acetate-2-C'4. Under similar conditions, diabetic 
livers incorporated into glucose 5 to 8 and 14 to 24 per cent, respectively, 
of the added C!4. Incorporation of acetate carbon into glucose by liver 
was greatly reduced when diabetic rats were injected with insulin. 

An explanation of our results is offered, based on the effect of isotope 
dilution upon the limits of isotope patterns attained by compounds in the 
tricarboxylic acid cycle. 


EXPERIMENTAL 


Treatment of Animals—Rats of the Long-Evans strain were used. Dia- 
betes was induced by a single intravenous injection of a 5 per cent solu- 
tion of alloxan monohydrate (50 mg. per kilo of body weight). From the 
time of the injection until sacrifice (about 3 weeks), daily records were kept 
of food and water consumption. Weight changes and glucose excretion 
in urine were measured periodically. The diabetic rats used in this study 
had fasting blood sugars in excess of 200 mg. per cent approximately 1 
week before they were sacrificed. A record of their diabetic histories is 
given in Table I. 

Both normal and diabetic rats were maintained on an adequate stock 
diet until 3 days before they were sacrificed. During the last 3 days 
they were fed a mixture containing 58 per cent glucose. Three of the dia- 


* Aided by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 
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betic rats were injected subcutaneously, at 48 and 24 hours before sacri- 
fice, with 50 units of protamine zinc insulin (Lilly) per kilo of body weight: 
2 hours before sacrifice each was again injected subcutaneously with 10 
units of unmodified insulin (Lilly). 

Radioactive Substrates—Acetate was used as substrate, labeled in either 
the carboxyl or methyl carbon. We are indebted to Dr. B. M. Tolbert 
for the preparation of these compounds. 

Incubation Procedure—The rats were sacrificed by cervical fracture. 
Liver slices approximately 0.5 mm. thick were prepared free-hand. | 
gm. of slices was gently blotted on filter paper and placed in the main 


TaBLeE I 
History of Diabetic Rats 


Typical 
amount of 
excreted in 
24 hrs. 
gm. days gm. meg. per cent 
6 None M 190 30 9.1 262 
7 165 25 9.2 330 
8 4 F 155 14 7.6 210 
9 a M 160 21 8.9 200 
10 120 21 5.4 555 
11 Insulint F 163 22 7.7 381 
12 7 M 165 21 6.1 260 
13 178 39 5.1 326 


* Determined approximately 1 week before the rat was sacrificed. 
{ 50 units per kilo of body weight for 2 days. 


compartment of the incubation flask described by Chernick et al. (2), to- 
gether with 5.0 ml. of a Krebs-Henseleit bicarbonate buffer and 0.5 ml. 
of the substrate solution. 50 um of sodium acetate having a C" activity 
of about 100,000 c.p.m. were present in each incubation flask. The 
acetate was added directly to the flask in a solution made isotonic with 
NaCl. Incubation was carried out for 3 hours. 

Analytical Procedures. C'4O,—The incubation flask was designed to 
permit the collection of CO, at the end of the experiment. The deter- 
mination of the C' content of this CO. has been described elsewhere (2). 
The contents of two incubation flasks were combined for analysis of CO; 
and glucose. 

Glucose-C'!4—The acidified medium from two incubation flasks was trans- 
ferred to a 50 ml. centrifuge tube, and the flasks and liver slices were rinsed 
repeatedly with small portions of hot distilled water to extract soluble ma- 
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terials from the slices. The washings were added to the tube. After 
centrifugation, the supernatant solution was deproteinized with Ba(OH). 
and ZnSO, according to Somogyi (3). Small aliquots of the deproteinized 
solution were used for determination of glucose by the ceric sulfate method 
of Hassid (4). The remainder was concentrated to about 2 ml. by vacuum 
distillation, transferred to a centrifuge tube, and 3 drops of phenylhydra- 
zine (100 mg.) and 12 drops (0.4 ml.) of glacial acetic acid were added. 
The mixture was heated on the steam bath for 10 to 15 minutes to form the 
glucosazone. After being cooled to induce crystallization, the phenyl- 
glucosazones were washed with three 12 ml. portions of distilled water and 
two portions of warm ether. The glucosazone crystals were suspended in 
2 to 3 ml. of cold alcohol, stirred lightly, and about 10 ml. of cold water 
were added. The crystals were separated by centrifugation, and dried for 
24 to 48 hours in vacuo at 45-50°. After subjection to microscopic exami- 
nation, the glucosazones were oxidized to CO, and the latter mounted as 
BaCO; on filter paper plates, as described previously (5). 

The specific activity of the glucose present in the incubation medium 
plus the hot water extracts of the slices was determined from the specific 
activity of the BaCO; obtained by combustion of the phenylglucosazone. 
The amount of glucose, measured by its reducing value, multiplied by its 
specific activity gives the amount of C'™ in glucose. This latter value, ex- 
pressed as per cent of the acetate-C' added to the medium, is a measure 
of glucose synthesis from acetate. 


Results 


Slices prepared from each liver were incubated im four flasks; two con- 
tained methyl-labeled and the other two carboxyl-labeled acetate. The 
results of individual experiments obtained with normal livers, diabetic 
livers, and insulin-treated diabetic livers are recorded in Table IJ. The 
data are summarized in Table III. The C' content of glycogen isolated 
according to Good, Kramer, and Somogyi (6) was found to be negligible 
(less than 0.1 per cent of the added C'*). 

Normal Livers—On the average, 5 and 15 per cent, respectively, of the 
added C!4 were recovered as glucose from carboxyl-labeled and methyl- 
labeled acetate. C!*O. recoveries were much higher when the substrate 
was CH;C“OONa than they were with C*H;COONa (34 and 15 per cent, 
respectively). 

Diabetic Livers—The recoveries of glucose-C'™ and CQO, observed with 
diabetic livers appear to be of about the same order of magnitude as those 
found with normal liver slices. The glucose-C™ recoveries from both 
acetates were somewhat higher than those observed with normal liver 
slices. 
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Insulin-Treated Diabetic Livers—The glucose-C™ and C!*QO, recoveries 
with this series of three livers were much lower than those found in the 
experiments with normal or diabetic livers. Thus, only about 1 and 3 
per cent, respectively, of the added C'™ were incorporated into glucose 
from carboxyl- and methyl-labeled acetate, values approximately one-fifth 
of those observed in corresponding experiments with diabetic livers. Aver- 


TaBLeE II 
Recovery of Acetate-C'* in Glucose and CO, 


Each flask contained 1.0 gm. of liver slices, 5.0 ml. of Krebs-bicarbonate buffer, 
and 50 um of sodium acetate. Incubation at 37° for3 hours. Two flasks were com- 
bined for analysis. 


| | Per cent of added acetate-C" recovered 
| per 2 gm. liver slices 
| | In glucose In COz 
| Sex Condition _Insulin treatment — 
| From | From | Glu- | From | prom CO: 
| methyl | methyl | ratio, 
| gm | | 
1 | 280. Normal None | 16.5 | 2.8 | 41.4 | 13.8 | 3.0 
* | 5.5 | 18.9 | 3.4 | 35.3 | 17.7 | 2.0 
260 | 17.5 | 3.2 | 35.1 | 12.0 | 2.9 
200 9.9 | 2.4 | 25.8 | 16.7 | 1.6 
5 | F. | 242) “ 2.9 | 11.9 | 4.1 | 33.8 
6 M.!|190 Diabetic vs 5.4 | 15.9 | 3.0 | 35.5 | 14.0 | 2.5 
165 | 8.4 | 19.2 | 2.3 | 46.6 | 12.9 | 3.6 
8 | F. | 156 | me : . 6.0 | 14.1 | 2.4 | 34.4 | 10.0 | 3.4 
9 M. | 160 | | 51.3 | 14.2 | 3.6 
120 7.5 | 23.8 | 3.2 | 29.4 9.7 | 3.0 
11 | F. | 163 | Insulin* 1.1 4.4) 4.0) 17.5; 5.0) 3.5 
12 M. | (0.7) 1.4/2.0) 15.2!) 4.5 3.4 
13 178 | | 3.1) 2.8 | 27.0! 9.5 2.8 


. 


‘i 50, unite per kilo of body weight for 2 days. 
age C4O, recoveries from CH;C4OONa and C'4H;COONa were about 20 
and 6 per cent, respectively. These values represent about one-half of | 
the average C!4O, obtained in diabetic rats. 


DISCUSSION! 
When C'*H;COONa was used as substrate, about 18 per cent of the ¥ 
added C'* was recovered in glucose in the experiments with the diabetic — 


‘ The terms synthesis, glucose formation, and similar expressions throughout this 2 
paper do not necessarily imply a net gain of glucose carbon. be 
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liver slices, and 15 per cent in the experiments with normal liver slices 
(Table III). ‘Thus, normal and diabetic rat livers have the ability to incor- 
porate acetate carbon into glucose to a considerable extent. If it is as- 
sumed that 2-carbon fragments produced by fatty acid oxidation behave 
similarly to acetate as regards incorporation into glucose, then the results 
of the present study offer further support for the view that some glucose 
synthesis occurs from fatty acids. 

The position of the label in the added acetate had a pronounced effect 
on the amount of C!* recovered in glucose as well as in COs. This was 


TaBLeE III 
Average Values of C'4 Recoveries in Glucose and CO, of Liver Slices of Normal, Diabetic, 
and Insulin-Treated Diabetic Rats Following Incubation with Carbozyl- and 
Methyl-Labeled Acetate 


Per cent of added acetate-C* recovered per 2 gm. liver slices* Ratiot 
l l cose 
From carboxy From methyl From carboxy From methyl 

Normal 48 +1.0 | 14.94 3.2 | 344.3 + 3.6, 15.1 + 2.2 | 3.2 | 2.4f 
Diabetic 6.8 + 14.1 18.2 + 3.2 | 39.4 + 7.6 12.2 + 1.8 | 2.7 | 3.2 
Insulin- 0.97 +0.18) 3021.0 19.924+4.7 6.324 2.1 | 2.9 3.2 

treated dia- 

betic | | 


*The values are given with their mean deviation. 

t The values given here are the averages of those appearing in Table II. 

t Since this value of 2.4 was obtained values for the CO; ratio of twenty-two ad- 
ditional normal] rats have been compiled and a value of 2.8 with a standard devia- 
tion of 0.16 has been obtained for the over-all CO, ratio. The standard deviation 
of individual values is 0.82. 


true for livers from normal, diabetic, and insulin-treated diabetic rats- 
In each experiment the average value for the ratio 


C* incorporated into glucose from C*H,;,COONa 
C* incorporated into glucose from CH,;C'*OONa 


referred to here as the glucose ratio, is approximately 3 (Table III), though 
some values ranged from 2 to 4. The ratio 


C* recovered in CO, from carboxyl-labeled acetate 
C™ recovered in CO, from methyl-labeled acetate 


referred to here as the CO, ratio, ranged from 1.6 to 3.6; the averages were 
2.8, 3.2, and 3.1 for the normal, diabetic, and insulin-treated diabetic 
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rat, respectively (Table III). A CO, ratio of 2 to 4 was observed earlier 
by Felts et al. (7). An explanation of these ratios is offered below. 

The continuous introduction of labeled acetate of constant specific 
activity into the tricarboxylic acid cycle results in the building up of 
definite isotope concentrations of C'‘ in the carbon atoms of each compound 
in the cycle. In this paper we are concerned particularly with the equi- 
librium isotope pattern of oxalacetate (OAA) since this determines the 
values for the CO: and glucose raiios. Below we shall show that the 
stable isotope pattern of compounds in the tricarboxylic acid cycle is a definite 
function of the degree to which the labeled molecules in the cycle are diluted 


TABLE IV 


The building up of the stable isotope configuration in OAA with successive turns 
of the tricarboxylic acid cycle for the case of 60 per cent isotope dilution. The 
figures in the table represent specific activities (to two decimal places) of the ear. 
bon atoms of OAA on the basis that 100 counts enter as acetate-C™ per turn. 


Specific activity of oxalacetate carbons 
Position of label in acetate | Yo, tums Of 

COOH CO CH: COOH 

Methyl] carbon 1 0.00 20 .00 20 .00 0.00 
2 4.00 24.00 24.00 4.00 

3 4.80 24.80 24.80 4.80 

4 4.96 24.96 24.96 4.96 

5 4.99 24.99 24.99 4.99 

6 5.00 25.00 25.00 5.00 

7 5.00 25.00 25.00 5.00 

Carboxyl] carbon 1 20.00 0.00 0.00 20.00 
2 20.00 0.00 0.00 20 .00 


by unlabeled molecules entering the cycle. Therefore, a particular value 
for the CO: or glucose ratio corresponds to a fixed amount of isotope dilu- F 


tion. 

For example, let us assume that in each turn of the cycle a ratio of la- 
beled to unlabeled OAA of 4:6 (designated as 60 per cent isotope dilution) 
is maintained; then the stable isotope pattern of OAA will be reached in 
the manner shown in Table IV. If 100 c.p.m. enter as C!4H;COOH, il 
c.p.m. will appear in each of the 2 center carbon atoms of OAA at the end 
of the first turn, assuming isotope equilibration at the succinic acid stage. 


60 per cent isotope dilution will reduce this figure to 20 (see Table IV, first F 


turn). Utilizing this OAA in the next turn with an influx of another 100 
e.p.m. of C4H;COOH, and again taking into account 60 per cent isotope 


dilution, gives specific activities of 4.00, 24.00, 24.00, 4.00 for carbons 1,2, 
3, and 4 of OAA (Table IV, second turn). If this process is continued, it f 
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is quite evident that a definite limit is approached, after a few turns, for 
methyl-labeled acetate and after the first turn for C-1-labeled acetate. 
The values of the limits in Table IV are given to two decimal places. 

The values of these limits for various degrees of isotope dilution can be 
obtained from the expressions? 


100 — z 
(100 — ) 
200(100 + zx) 


(2) 


where a represents the counts entering each turn as methyl-labeled ace- 
tate and x the degree of isotope dilution in per cent. Equation 1 gives the 
specific activities of the 2 center carbons of OAA and Equation 2 that of 
the carboxyl carbons. The expression for the specific activities of the car- 
boxyl carbons of OAA obtained with C™ entering as carboxyl-labeled 
acetate is 


a (100 — z) 
2 100 


(3) 


An abbreviated tricarboxylic acid cycle, Fig. 1, shows the distribution 
of C'4 entering as C'4H;COOH for the case of 60 per cent dilution after 
equilibrium is reached. It will be seen that the isotope patterns of all 
compounds remain invariant. The rate of flow through the tricarboxylic 
acid cycle is taken as unity, 60 per cent isotope dilution occurring only at 
the OAA stage. This degree of dilution corresponds to an influx of OAA 
at a relative rate of 1.5 (Fig. 1). While Fig. 1 shows all the dilution oc- 
curring at the OAA level, the ratios are unaffected if dilution occurs si- 
multaneously at various points in the cycle, provided the net dilution is 
60 per cent. 

By the use of Equations 1 and 2, the CO: and glucose ratios, as defined 
above, become (100 + x)/(100 — x) and (500 — x)/(100 + 2), respec- 


* Equations 1 and 2 are the sum of the converging power series 
1/100 — z 1\? /100 — z \? 1\" /100 — 
100 )+G)( 100 yr + GV ( 100 y] 
1\? /100 — z\? /100 — z\3 1\" /100 — z\* 
(3) ( 100 y+ 100 100 y] 


respectively as the number of turns, n, of the tricarboxylic acid cycle that have 
been completed approaches infinity. These series are a general mathematical 


_ statement of the process required to obtain the limiting isotope pattern of OAA for 
_ any degree of isotope dilution. 
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tively. (The derivation of all ratios is indicated in Table V.) Fig. 1 shows 
that the isotope pattern of OAA determines not only the CO, and glucose 
ratios, but also the isotope pattern of glucose. Since carbons 1, 2, 5, and 
6 of glucose have identical specific activities, as do carbons 3 and 4 (8, 9), 
the isotope pattern of glucose can be expressed as the ratio of the specific 
activity of carbon 1 to that of carbon 3.2 The use of Equations 1 and 2 
leads to a value of 200/(100 — zx) for this ratio. It can be shown that 
these ratios are independent of the rate of conversion of OAA to pyruvate. 

Fig. 2 is a plot of these three ratios (glucose, COs, and glucose-labeling 


100.0 
CH,COOH 
COOH-CH, -COH: COOH ——= COOH-CO-CH,-CH,-COOH + 
50  25.025.0 50 5.0 25.0 106.0 
1.0 
CONDENSATION COOH-CH,-CH, COOH + CO, 
25.0 25.0 100.0 5.0 
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ratio) as a function of isotope dilution. The CO: curve shows that the 
experimentally observed CO; ratios, which ranged from 2.0 to 3.6 (with the 
exception of one low value), correspond to 35 to 56 per cent isotope dilu- 
tion. The glucose ratios of 2 to 4 obtained experimentally are consistent 
with a wide range (20 to 90 per cent) of isotope dilution due to the relative 
flatness of the glucose curve. The experimental values for the glucose 
ratio for the insulinized diabetic animals are quite variable because of the 
sensitivity of this ratio to experimental error. This is due to the relatively 
lower level of C' in glucose found with these rats. In one experiment 
glucose was degraded by a chemical method previously described (9), and 
the ratio (specific activity of C-1 carbon)/(specific activity of C-3 carbon) 


8’ This ratio is referred to here as the glucose-labeling ratto. 
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was found to be 3.3. This value corresponds to 40 per cent isotope dilu- 
tion (Fig. 2). The range of isotope dilution consistent with our three ex- 
perimentally determined ratios is 35 to 56 per cent. Our data can thus 
be explained on the basis of a simple model of the tricarboxylic acid cycle 
and 35 to 56 per cent isotope dilution. Such a degree of isotope dilution 
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Fig. 2. Curves showing the dependence on the degree of isotope dilution of the 
ratios: 
C* incorporated into glucose from C-2 acetate 
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leaves ample carbon available for synthetic purposes. For a given degree 
of isotope dilution, x, the OAA present after equilibrium has been reached 
can be shown to contain a definite fraction of acetate carbon, given by 
the expression 100(100 — 2x)/(100 + 2). For 35 to 56 per cent isotope 
dilution, 48.2 to 28.2 per cent of the total carbon present in OAA, and 
therefore in glucose arising from this OAA, is acetate carbon. 

Insulin has no effect on the glucose, CO, and glucose-labeling ratios, 
but does affect still another ratio, z.e., (C'4 in CO2)/(C* in glucose). Of 
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course this ratio can be formulated for each of the two positions of the 
label in acetate. The general expressions for these ratios are (200 — 
z)/x and (20,000 — 300x + 2x?)/(500x — x?) for C-1- and C-2-labeled ace- 
tate, respectively. To derive these expressions it is necessary to assume 
that all of the extra carbon made available by isotope dilution, due to 
the influx of unlabeled compounds into the tricarboxylic acid cycle, is used 
for glucose synthesis. This assumption assigns the largest possible value 
to the denominator of the ‘CO, to glucose” ratio. The above expressions 
should therefore represent the lowest possible values for the CO. to glucose 
ratio based on our model. Corresponding experimental values are indeed 
higher for the livers of normal, diabetic, and insulinized diabetic rats. 

While all our ratios are independent of the rate of flux of compounds 
through the tricarboxylic acid cycle, the total amount of any compound 
produced is dependent on this rate of flux. The marked reduction in the 
incorporation of acetate carbon into glucose under the influence of insulin 
observed here may be due, at least in part, to a shift of acetate to fatty 
acid synthesis described previously (7). This would reduce the amount 
of labeled acetate available for entry into the tricarboxylic acid cycle, 
thereby reducing the total amount of C' available for incorporation into 
CO, as well as glucose. To explain our experimental finding that CO, 
recoveries in diabetic insulinized animals were reduced by a factor of 2, 
while C' recoveries in glucose were diminished by a factor of 6 (Table 
III), it is necessary to postulate a large decrease in the rate of entry of 
carbon into glucose. Therefore a continuous flow of carbon out of the 
tricarboxylic acid cycle should be available for synthetic purposes other 
than glucose formation. These questions are at present under further 
investigation. 


We wish to thank Mr. Samuel Abraham for the determination of the 
C' contents of carbons 1, 3, and 6 of the glucose sample. 


SUMMARY 


1. Liver slices prepared from normal, diabetic, and insulin-treated dia- 
betic rats were incubated with C'4H;COONa and CH;C'“OONa, and the 
C' recoveries in glucose and CO, were measured. 

2. Normal and diabetic liver slices incorporated about 5 per cent of the 
added C'4 from carboxyl-labeled acetate into glucose, and 15 to 20 per 
cent from methyl-labeled acetate. 

3. Insulin injections in diabetic rats resulted in a pronounced reduction 
in the glucose-C" recovery from both CH;C“OONa and C'4H;COONa. 

4. The CO, recoveries observed with carboxyl-labeled acetate were 2 
to 3 times greater than those with methyl-labeled acetate. Large dif- 
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was found to be 3.3. This value corresponds to 40 per cent isotope dilv- 
tion (Fig. 2). The range of isotope dilution consistent with our three ex. 
perimentally determined ratios is 35 to 56 per cent. Our data can thus 
be explained on the basis of a simple model of the tricarboxylic acid cycle 
and 35 to 56 per cent isotope dilution. Such a degree of isotope dilution 
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leaves ample carbon available for synthetic purposes. For a given degree 
of isotope dilution, zx, the OAA present after equilibrium has been reached 
can be shown to contain a definite fraction of acetate carbon, given by 
the expression 100(100 — x)/(100 + 2x). For 35 to 56 per cent isotope 
dilution, 48.2 to 28.2 per cent of the total carbon present in OAA, and 
therefore in glucose arising from this OAA, is acetate carbon. 

Insulin has no effect on the glucose, CO., and glucose-labeling ratios, 
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course this ratio can be formulated for each of the two positions of the 
label in acetate. The general expressions for these ratios are (200 — 
z)/x and (20,000 — 300x + x?)/(500x — x?) for C-1- and C-2-labeled ace- 
tate, respectively. To derive these expressions it is necessary to assume 
that all of the extra carbon made available by isotope dilution, due to 
the influx of unlabeled compounds into the tricarboxylic acid cycle, is used 
for glucose synthesis. This assumption assigns the largest possible value 
to the denominator of the ‘CO, to glucose” ratio. The above expressions 
should therefore represent the lowest possible values for the CO2 to glucose 
ratio based on our model. Corresponding experimental values are indeed 
higher for the livers of normal, diabetic, and insulinized diabetic rats. 

While all our ratios are independent of the rate of flux of compounds 
through the tricarboxylic acid cycle, the total amount of any compound 
produced is dependent on this rate of flux. The marked reduction in the 
incorporation of acetate carbon into glucose under the influence of insulin 
observed here may be due, at least in part, to a shift of acetate to fatty 
acid synthesis described previously (7). This would reduce the amount 
of labeled acetate available for entry into the tricarboxylic acid cycle, 
thereby reducing the total amount of C! available for incorporation into 
CO, as well as glucose. To explain our experimental finding that CO, 
recoveries in diabetic insulinized animals were reduced by a factor of 2, 
while C!* recoveries in glucose were diminished by a factor of 6 (Table 
III), it is necessary to postulate a large decrease in the rate of entry of 
carbon into glucose. Therefore a continuous flow of carbon out of the 
tricarboxylic acid cycle should be available for synthetic purposes other 
than glucose formation. These questions are at present under further 
investigation. 


We wish to thank Mr. Samuel Abraham for the determination of the 
C' contents of carbons 1, 3, and 6 of the glucose sample. 


SUMMARY 


1. Liver slices prepared from normal, diabetic, and insulin-treated dia- 
betic rats were incubated with C'4H;COONa and CH;C'“OONa, and the 
C' recoveries in glucose and CO, were measured. 

2. Normal and diabetic liver slices incorporated about 5 per cent of the 
added C'* from carboxyl-labeled acetate into glucose, and 15 to 20 per 
cent from methyl-labeled acetate. 

3. Insulin injections in diabetic rats resulted in a pronounced reduction 
in the glucose-C' recovery from both CH;C“OONa and C'H;COONa. 

4. The C'4O, recoveries observed with carboxyl-labeled acetate were 2 
to 3 times greater than those with methyl-labeled acetate. Large dif- 
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ferences were not noted between normal and diabetic livers, but CO, 
recovery from both substrates was reduced by one-half in livers of insulin- 
treated diabetic rats. 

5. Values of approximately 3 were found for the ratio 


C incorporated into glucose from C-2-labeled acetate 
C* incorporated into glucose from C-1-labeled acetate 


in experiments with normal, diabetic, and insulinized diabetic rat livers, 
and values of 2 to 3 for the ratio 


in CO, from C-1-labeled acetate 
C* in CO. from C-2-labeled acetate 


6. A scheme is presented showing how dilution of labeled molecules in 
the tricarboxylic acid cycle by unlabeled molecules entering the cycle 
makes acetate carbon available for synthetic purposes. Recovery of C 
in glucose is explained in terms of this process. The ratios in (5) are ex- 
plained in terms of stable isotope patterns occurring in the tricarboxylic 
acid cycle in keeping with this scheme. It is shown that these patterns 
are dependent on isotope dilution effects. 
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OXIDATIVE DISSIMILATION IN ACETOBACTER 
SUBOXYDANS* 


By TSOO E. KING anp VERNON H. CHELDELIN 
(From the Department of Chemistry, Oregon State College, Corvallis, Oregon) 


(Received for publication, March 26, 1952) 


Interest in this laboratory has focused upon the metabolism of the acetic 
acid bacteria since the superior activity of bound forms of pantothenic 
acid (PAC) ((1, 2); coenzyme A (3, 4)) over the free vitamin was dis- 
covered. The disclosure that pantetheine (Lactobacillus bulgaricus factor) 
is a mercaptan capable of coexisting with an oxidized disulfide form (5) 
has led to speculation as to whether coenzyme A and other bound forms 
of pantothenic acid might contribute to oxidative metabolism in Acetobac- 
ter suboxydans. However, even though this organism has been extensively 
used in industrial fermentations (cf. (6—-8)), knowledge is generally lacking 
concerning the mechanisms of its oxidative patterns. The present study 
has therefore been designed to obtain initial pertinent information. 


EXPERIMENTAL 


Organisms-—Three strains of A. suboxydans were used, viz. ATCC 9322 
and 621, and another obtained from Dr. L. A. Underkofler of Iowa State 
College. The latter, which is designated herein as strain 621U, had been 
maintained in his laboratory since its procurement in 1935. 

Preparation of Cells—Cells were grown in 2 liters of single strength me- 
dium (Table I) in a 5 liter Erlenmeyer flask. The composition of the 
medium was the same as that used in previous studies (2, 9, 10), except 
for the omission of glucose and addition of calcium pantothenate. For 
growth of organisms, the medium was inoculated with about 25 ml. of a 
24 to 48 hour-old culture that had been grown on the basal medium plus 
10 mg. of yeast extract. 

The inoculated culture was incubated for about 36 to 44 hours at 30°, 
with aeration through a glass sparging tube. The air flow was maintained 
at 1 liter per minute during the first 16 hours, and then increased to 5 to 
10 liters per minute. The cells were centrifuged and washed four times 


* Presented in part before the Twelfth International Congress of Pure and Applied 
Chemistry at New York, September, 1951. Published with the approval of the 
Monographs Publication Committee, Oregon State College, Research paper No. 
198, School of Science, Department of Chemistry. 

This work was supported by the Nutrition Foundation, Inc., the Rockefeller 
Foundation, and the Division of Research Grants and Fellowships, National Insti- 
tutes of Health, United States Public Health Service. 
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in cold distilled water, twice in a Sharples supercentrifuge, and twice in a 
Servall angle centrifuge. The washed cells were then dried in vacuo from 
the frozen state. Although aseptic conditions were not strictly maintained, 
electron microscopic examination revealed practically no contamination 
of the cultures, either at this point or after their use in Warburg flasks 
(see below). 

Materials—Coenzyme A samples containing 1.2 per cent bound panto- 
thenie acid activity were prepared as previously described (11, 12). All 
other chemicals used, except where otherwise noted, were commercial 


preparations. 


TABLE I 
Growth Medium (Double Strength) for A. suborydans* 

Casein, vitamin-free, acid-hydrolyzed......................... 5 * 
Liver concentrate, Wilson’s 1:20, treated with Norit A........ * 


* For details of the preparation of the medium, see King et al: (2). 


Methods—Oxygen uptake was determined manometrically in a Warburg 
apparatus at 29°. CO. production was measured by the ‘direct method.” 
Air was used as the gas phase in all experiments. 

Acetic acid was determined by titration (13) after steam distilling a 
2 ml. aliquot of the supernatant solution from the centrifuged contents of 
the Warburg flasks, with 2.5 gm. of MgSO,-7H2O and 1 ml. of 10 per cent 
HPO;. Recoveries of known amounts of added acetic acid were made 
with each series of determinations, as well as suitable blanks. When 
these determinations could not be made immediately after the oxidation 
period, the samples were stored in the frozen state. 

Dihydroxyacetone (DHA) was determined by the method of Under- 
kofler et al. (14) with the following adaptation to a micro scale. The 
sugar reagent, which was prepared at a concentration of 1.7833 gm. of 
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KIO; per liter, was filtered through a fine sintered glass funnel before use. 
2 ml. of the sugar reagent were mixed with 2.2 ml. of sample in a 25 ml. 
Erlenmeyer flask covered with a 10 ml. Pyrex beaker. The mixture was 
steamed in an autoclave for 30 minutes. After cooling to slightly above 
room temperature, 0.4 ml. of KI-oxalate reagent and 0.8 ml. of 7.5 N 
H.SO, were then added. The mixture was titrated with approximately 
0.02 n sodium thiosulfate. A standard curve was made in each run, 
including samples containing 100 to 1000 y of DHA. The curve so ob- 
tained (ml. of thiosulfate as a function of DHA added) was nearly a straight 
line (see Table II). 

The acetylation of sulfanilamide (15, 16) and the formation of citrate 
(17, 18) were tested as previously. Resting A. suboxydans cells were used 
as the source of apoenzyme. 


TABLE II 
Microdetermination of Dihydroxyacetone 


0.02 N sodium thiosulfate* 
Amount of dihydroxyacetone 
Experiment 1 Experiment 2 
ml. mil. 

0 0.00 0.01 
100 0.19 0.20 
250 0.42 0.42 
500 0.85 0.86 
1000 1.68 1.69 

2520 4.08 


* Average of duplicate determinations. 


RESULTS AND DISCUSSION 


Oxidation of Glycerol and Dihydroxyacetone—In preliminary experiments 
it was noticed that the oxidation of glycerol by resting A. suboxydans cells 
in phosphate buffer was always accompanied by the evolution of significant 
amounts of CO,.. Although CO. production from glucose by this organ- 
ism has been observed by Butlin (19-21), the body of information that 
has accumulated on the fermentation of glycerol has indicated that only 
DHA is regularly formed, in yields approaching 100 per cent (22-27). 
This one-step oxidation should proceed without the production of COs. 

Determinations were therefore made of the oxygen consumption and 
CO, production with glycerol and DHA as substrates. These are shown 
in Table III, where up to 4 atoms of oxygen were consumed per mole of 
glycerol. It is evident that the DHA formed was further oxidized, and 
that added DHA was also readily dissimilated. Approximately 3 atoms 
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of oxygen were consumed per mole, which is consistent with the idea that 
glycerol is oxidized by a pathway that includes DHA as an intermediate. 
Although the products of the oxidation have not been identified, it is ap.- 
parent from the CQ, yield (1.2 to 1.5 moles per mole of either substrate) 
that dissimilation proceeded somewhat beyond a single scission into (C, 
and C, units. The results of DHA determination indicated that the prod- 
ucts were able to reduce the Somogyi reagent. The recovery of total 
volatile acid was only about 20 per cent of the substrate added. 


TaBLe III 
Oxidation of Glycerol and DHA by Resting A. suborydans Cells 

uM min. microatoms uM 

Glycerol* 40 621U 260 140 47 0.67 
40 621U 260 150 
20 621Ut 150 69 25 0.73 
40 9322 300 154 
40 621 175 130 

DHA 40t 621U 330 116 55 0.95 
20§ 621 195 61 | 33 1.1 
40§ 621 240 100 | 48 0.98 


The system contained 0.05 m phosphate, 0.01 m MgCl», and 10 mg. (dry weight) 
of cells washed in a cold room per flask. Total volume, 2.8 ml.; pH 6.0. 

* Other supplements added, without effect, were coenzyme A (500 y of 1.2 per 
cent bound pantothenic acid content) and cytochrome C (40 y) per flask; MgCl, 
was also omitted in some experiments without effect. 


t 20 mg. cells used. 
t DHA isolated from large scale fermentations by strain 621U (kindly supplied 


by Dr. H. D. Reese). 
§ DHA obtained from Hoffmann-La Roche, Inc. 


Oxidation of Lactic Acid, Pyruvic Acid, and Ethanol—Lactic and pyruvic 
acids were apparently oxidized as far as the acetate stage by a route similar 
to that occurring in other microorganisms and higher animals. Thus, as 
illustrated in Table IV, lactic acid was transformed nearly quantitatively 
into acetate and CO:. 1 mole of CO. was also produced per mole of pyru- 
vie acid (acetate production was not measured here). Ethanol oxidation 
was the same as that reported by other workers (6, 25); CO2 was not pro- 
duced, and the reaction was complete in a relatively shorter period. 

Oxidation of Krebs Cycle Intermediates—The complete oxidation of car- 
bohydrates and related compounds in many organisms is believed to 
proceed via the Krebs cycle. The key condensations of pyruvate and 
acetate are catalyzed by coenzyme A (28, 29). However, in this organism, 
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the fact that acetate accumulates as an end-product of ethanol, lactic, and 
pyruvic acid oxidations suggests that the former may not be readily 
metabolized. Acetate was indeed found to be completely inert in this 
system, even in the presence of glycerol as a potential “‘sparker.”” No 
acetylation of sulfanilamide or citrogenase activity could be demonstrated 
with resting cells, with or without adenosinetriphosphate and coenzyme 
A. Attempts to oxidize citrate, a-ketoglutarate, succinate, or fumarate 
failed consistently, either alone or in the presence of glycerol. <A soluble 
enzyme mixture and an insoluble fraction from A. suborydans cells were 
prepared! and found active for the oxidation of ethanol, glycerol, DHA, 


TaBLeE IV 
Oxidation of Lactic Acid, Pyruvic Acid, and Ethanol by Resting A. suboxydans Cells 
Substrate | strain No. ‘experiment Or uptake produced | formed’ 
| uM min. | microatoms pM 
Lactic acid © 40  621U , 120 73 38 
40 621U | 120 | 88 48 40 1.1 
Pyruvic acid 100 621U 70 98 100 2.0 
100 621 | 120 | 109 | 99 1.8 
Ethanol 50 621U 60 99 1 52 
100. | , 120 | 182 8 106 
§0 | 621 100 0 | 49 
100 | 621 | 12 | 198 
| sO | 9322 | 100 | 94 S| « 


of resting cells washed in a cold room. Total volume 2.8 ml.; pH 6.0. 


sorbitol, and glucose, but they did not oxidize the members of the citric 
acid cycle, even in the presence of a hot water extract of A. suborydans 
or methylene blue, or both. It would appear from these experiments that 
neither a Cg nor a C, cycle operates in this organism to any significant 
extent. Also, as stated in a preliminary report (30), the absence of ace- 
tylating power as noted leaves the réle of coenzyme A still unestablished 
in A. suboxydans. Hot water extracts of A. suborydans contained liberal 
quantities of coenzyme A, as determined by acetylation and bound panto- 
thenate assay. 


‘The procedure for obtaining cell-free active enzyme preparations from A. sub- 
orydans will be described in detail elsewhere. Since the insoluble portion still con- 
tained many intact cells (as revealed by electron microscopic examination at mag- 
nification of 5000 to 13,000 X), the observed activity of this fraction may have been 
due to them. 
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Strain Differences—Since the results described above were markedly 
different from those usually obtained in large scale fermentations, it was 
felt that they might be due to strain peculiarities. However, strains 621, 
621U, and 9322 all possessed the same oxidative pattern, although growth 
was slower in strain 9322 than in the others. Finally, the assignment of 
these effects to strain differences seems out of the question when it is con- 
sidered that strain 621U produced DHA in high yield from glycerol when 
grown in large scale fermenters, yet oxidized this product of its own metab- 
olism when the cells were washed and transferred to the phosphate buffer 
medium. The implications of this relationship to such factors as oxidative 
phosphorylation, as well as the possible réle of coenzyme A, are being 
investigated further. 


The authors wish to thank Mr. L. R. Hopping for technical assistance. 


SUMMARY 


Resting cells of Acetobacter suboxydans in phosphate buffer oxidized glyc- 
erol with an oxygen consumption of approximately 4 atoms per mole of 
substrate. Oxidation of dihydroxyacetone required about 3 atoms per 
mole. Yields of CO. ranged from 1.2 to 1.5 moles per mole of either 
substrate. 

1 mole of pyruvic acid consumed | atom of oxygen and produced | mole 
of CO, (R. Q. = 2). Lactic acid was completely oxidized to acetic acid 
and CO, (R. Q. = 1). Ethanol was oxidized to acetic acid without CO; 
formation. 

Intermediates of the Krebs cycle, including citrate, a-ketoglutarate, 
succinate, fumarate, and acetate, were not oxidized in either the presence 
or the absence of small amounts of glycerol as a potential “sparker.’’ No 
acetylation of sulfanilamide or formation of citrate from acetate and oxal- 
acetate could be shown, even with added coenzyme A and adenosinetr- 
phosphate. It was concluded that neither a Cs nor a C, cycle operates to 
a significant degree in this organism and that the réle of coenzyme A 
remains to be established. 
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PHOSPHORYLATIVE AND NON-PHOSPHORYLATIVE 
OXIDATION IN ACETOBACTER SUBOXYDANS* 


By TSOO E. KING ann VERNON H. CHELDELIN 
(From the Department of Chemistry, Oregon State College, Corvallis, Oregon) 


(Received for publication, March 26, 1952) 


It has been shown that glycerol can be oxidized beyond the dihydroxy- 
acetone (DHA) stage by resting Acetobacter suboxydans cells (1). Through 
washing and centrifuging of the cells at room temperature, most of the 
oxidative activity was destroyed, which, however, could be restored by 
the addition of inorganic phosphate and diphosphopyridine nucleotide 
(DPN). 2,4-Dinitrophenol (DNP), a phosphate “uncoupling agent,” in- 
hibited the further oxidation of dihydroxyacetone but had no effect on the 
first step oxidation of glycerol or sorbitol, nor of ethanol to acetic acid. 
These and other facts described herein suggested that oxidative dissimila- 
tion in A. suborydans may be classified into two categories: one is inde- 
pendent of inorganic phosphate uptake, and the other couples with phos- 
phate esterification, perhaps at the coenzyme level. 


EXPERIMENTAL 


The preparation of the resting cells and the arrangement of other experi- 
mental details were the same as previously described (1). Washing was 
carried out in a Servall centrifuge at room temperature. Usually about 
90 minutes were required for three washings. The washed cells were re- 
suspended in a small amount of water and dried in vacuo from the frozen 
state. The dried cells maintained their activity after 6 months storage 
at —15°. Inorganic phosphate was determined according to the method 
of Lowry and Lopez (2). 

DPN of 75 per cent purity was purchased from the Schwarz Labora- 
tories, Inc. 


RESULTS AND DISCUSSION 


Réle of DPN in Oxidation of Glycerol, Dihydroxyacetone, and Ethanol— 
The thoroughly washed cells showed quantitatively different oxidative 


* Presented in part before the Twelfth International Congress of Pure and Applied 
Chemistry at New York, September, 1951. Published with the approval of the Mon- 
ographs Publication Committee, Oregon State College, Research paper No. 199, 
School of Science, Department of Chemistry. 

This work was supported by the Nutrition Foundation, Inc., the Rockefeller 
Foundation, and the Division of Research Grants and Fellowships, National Insti- 
tutes of Health, United States Public Health Service. 
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behavior toward different substrates. The oxidation of DHA was greatly 
impaired. It appeared that during washing and centrifuging at room 
temperature the DPN-linked enzymes had been dissociated and DPN was, 
in turn, removed by washing. ‘Table I illustrates the restoration of oxida- 
tion of DHA by the addition of DPN. 

In the absence of external DPN, the oxidation of glycerol virtually 
ceased after slightly more than 1 atom (occasionally up to 2 atoms) of 
oxygen had been consumed. However, in the presence of the coenzyme, 


TABLE I 
Effect of DPN upon Oxidation of DH A, Glycerol, and Ethanol by Resting A. suborydans 
Cells 
| min. microatoms | | 
1 DHA 0 360 | 
| 2 | 31 
| 50 35 
| | 100 50 
2 | 0 480 1.25 
| 50 20 9.4 0.94 
1000 30 15 1.0 
| | 3000 62 30 0.97 
3 Glycerol 40 0 415 62 
50 | 1s | 
1000 | 136 | 
2000 | 
4 Ethanol | 90 0 12 — 180 | 
2000 150 | 


The system contained 0.05 m phosphate, 0.01 m MgCl:, and 10 mg. (dry weight) 
of resting cells per flask washed at room temperature; total volume 2.8 ml.; pH 6.0. 


it proceeded further, in line with the concept that the oxidation of glycero 


proceeds via DHA. 

The restoration of full activity required rather high concentrations of 
the external coenzyme. This is parallel to results in animal tissues in 
which the dissociated oxidative enzymes often require far greater amounts 
of the coenzymes than do the original intact systems (cf. (3)). Since at 
least 3 atoms of oxygen were required per mole of dihydroxyacetone, the 
exact points of participation of DPN remain to be determined. 

Under the conditions used, DPN did not appear to be required either 
in the oxidation of glycerol to DHA or of ethanol to acetic acid. As shown 
in Table I, the washed cells showed similar rates of oxidation in the pres- 
ence and absence of external DPN. Since it has not yet been possible to 
carry out similar experiments with cell-free preparations, it is difficult to 
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tell whether this enzyme acted independently of pyridine nucleotides or 
whether the activity reflected the presence of a relatively stable DPN- 
apoenzyme linkage which survived the washing procedure. The latter 
view is favored by the results of Lutwak-Mann (4), who found that alcohol 
dehydrogenase activity was dependent upon added DPN after A. subory- 
dans suspensions had been saturated with ammonium sulfate and ex- 
haustively dialyzed. 

Effect of Phosphate on Oxidative Dissimilation by A. suboxydans—Cells 


TABLE II 
Effect of Phosphate on Oxidation of Glycerol and Ethanol by Resting A. suboxydans 
Cells 
| 
~ — 
° z 
£ Substrate "added. Buffer Os uptake Total 
x | 
Q 
aM | min. | microatoms 
| 
1 Glycerol 40 | Phosphate 192 | 100 
| Phthalate | | 44 
2 Phosphate 260 «(0-40 min.) 
(40-260 min.) 108 
| | | | 150 
Phthalate | (040 min.) 40 
| (40-260 min.) —.39 
| | | | | 79 
3 Ethanol 50 Phosphate | 85 | 100 
| | _ Phthalate | | | 102 


The system contained the indicated buffer at 0.05 m, 0.01 m MgCl, and 10 mg. 
(dry weight) of resting cells per flask washed in a cold room; pH 6.0; total volume 
2.8ml. Phthalate was shown in separate experiments to exert practically no effect 
on the oxidation. 


washed in a cold room showed retarded oxidation of glycerol in the later 
steps when no external phosphate was present. However, as may be seen 
in Table II, no additional phosphate was needed for ethanol oxidation or 
for the initial step of glycerol oxidation. Substrate-linked phosphates 
therefore do not appear to be formed from ethanol in A. suborydans, at 
least by resting cells. This is in contrast to such organisms as Clos- 
tridium kluyveri, where it has been shown (5) that oxidation of ethanol 
depends upon phosphate; stoichiometric yields of acetyl phosphate were 
obtained. Non-phosphorylative oxidation has, however, been observed 
with glucose in Pseudomonas (6) and pyruvate in animal tissues (7). 
Dinitrophenol Inhibition in DPN-Linked Enzyme System—DNP._ has 
been used frequently as a phosphate “uncoupling” agent in various de- 
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hydrogenase systems (8, 9). The unusual non-participation of phosphate 
suggested that DNP might affect only the reactions beyond DHA from 
glycerol. Accordingly, the effect of DNP was tested in glycerol and DHA 
oxidations, as well as those of sorbitol and ethanol. The data, presented 
in Table III and Fig. 1, show clearly that the first atom of oxygen was 
rapidly consumed in glycerol oxidation either with or without DNP. 
However, after 1 atom of oxygen had been used, the reaction virtually 
ceased in the flasks containing | X 10-'m DNP. ~With DHA, the oxygen 


TaBLeE III 


Effect of DNP on Oxidation of Glycerol, Ethanol, Dihydroxyacetone, and Sorbitol by 
Resting A. suboxydans Cells 


Experiment No. _Substrate | Amount added} DNP Duration of uptake 
pM min. | microatoms 
1 Glycerol | 40 - 400 | 147 
+ | 43 
| | 46 
3 DHA 20 — 320 | 61 
+ 7 
4 _ 300 55 
| + ) 2 
5 Sorbitol 40 450 158 
| + 53 
6 Ethanol | 20 ~ 50 39 
7 120 170 
| + 179 


The system contained 1 X 10-4 m DPN, 0.05 m phosphate, 0.01 m MgCl, and 10 
mg. (dry weight) of cells per flask washed at room temperature; DNP (where added) 
1 X 10-* M; total volume 2.8 ml.; pH 6.0. Substrate was tipped into the main com- 
partment containing DNP after 5 minutes equilibration. 


uptake with DNP was practically zero. The oxidation of sorbitol fol- 
lowed a similar pattern to that of glycerol: 1 X 10-4 m DNP inhibited the 
process beyond the first oxygen atom. However, as shown in Fig. 2, 
this initial step was not affected by higher levels of the reagent. Ethanol 
oxidation was not affected at all by DNP. 

Several workers have shown (10-13), with a variety of systems, that in 
the oxidation of fatty acids and members of the citric acid cycle, a high 
phosphate esterification ratio exists in terms of oxygen consumption (up 
to 4 atoms of P per atom of O in the a-ketoglutarate — succinate trans- 
formation). These observations formed the basis for Lipmann’s theory of 
coenzyme-linked phosphorylation (14), which, with recent documentation 
by Lehninger (13) and expansion by others (15, 16), has pointed to the 
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te coupling of phosphorylation to electron transfer in coenzymes as well as 
m to substrate oxidation. DNP has been reported to inhibit only the phos- 
A phorylations that are coupled to pyridine nucleotide oxidation (16, 17). 
as 
q 
ly 
8OF 
by a 
© 
So 
x< 
‘ ° ‘O50 100 150 200 250 300 350 400 


TIME IN MINUTES 
Fic. 1. The effect of DNP on the rate of oxidation of glycerol by resting A. sub- 
ozydans cells. The system contained 1 X 10-4m DPN, 0.05 m phosphate, 0.01 m 
MgCl:, and 10 mg. (dry weight) of resting cells per flask washed at room tempera- 
ture; total volume 2.8 ml.; pH 6.0. Each flask in Curve 2 contained, in addition, 
1 X 10-‘m DNP in the main compartment. 40 um of glycerol were tipped into the 
main compartment after 5 minutes equilibration. 


is DNP © 


2xlO4M -4x1l04M 


l2 


4 6 8 10 
TIME IN HOURS 

Fic. 2. The effect of various concentrations of DNP on the rate of oxidation of 
sorbitol by resting A. suboxydans cells. 
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In view of these observations, the present results are consistent with the 
idea that the oxidation in A. suboxydans of glycerol to DHA, or sorbitol 
to sorbose, or of ethanol to acetic acid does not depend upon coenzyme. 
linked phosphorylation. However, since the organism grows well in the 
glycerol medium to give virtually quantitative yields of DHA, the energy 
for the various synthetic processes must be derived from this one-step 
oxidation. If the prevalent ideas described for DNP action are correct, 
the further observation! that A. suboxrydans growth proceeds equally well 
in the presence of 2 X 10-4 mM DNP indicates either that (1) a substrate- 
linked phosphorylation operates during growth (but not during oxidation 
by resting cells, as shown above), or if not, that (2), additonal energy 
storage mechanisms must be sought in this organism. Several attempts 
have been made to establish these points by correlating phosphate es- 
terification with oxidation in the presence and absence of DNP. No 
phosphorus uptake could be demonstrated; however, a high, fluoride- 
resistant phosphatase activity was observed, particularly toward adeno- 
sinetriphosphate and adenosine-5-phosphate, and it is possible that labile 
phosphate esters existed. A final decision on the mechanisms of oxidation 
and phosphorylation in this organism will be sought with suitable cell-free 
systems. 


The authors wish to thank Mr. L. R. Hopping for technical assistance. 


SUMMARY 


Repeated washing and centrifuging of Acetobacter suboxydans cells at 
room temperature destroyed most of their oxidative activity toward glyc- 
erol and virtually all toward dihydroxyacetone (DHA). Full activity 
could be restored by the addition of inorganic phosphate and diphosphopy- 
ridine-nucleotide. However, under the conditions used, these agents were 
not required in the oxidation of glycerol to DHA or of ethanol to acetic 
acid. 

2,4-Dinitrophenol at concentrations of 10-4 m completely inhibited the 
oxidation of glycerol beyond the DHA stage. No effect of this inhibitor 
was observed on the oxidation of ethanol, of glycerol to DHA, or of sorbitol 
to sorbose. It was concluded that oxidative dissimilation in A. suboxrydans 
may be differentiated into phosphate-dependent and phosphate-indepen- 
dent types, with the former probably coupled to phosphorylation at the 
coenzyme level. 
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THE MECHANISM OF FORMATION OF CITRATE AND 
OXALATE BY ASPERGILLUS NIGER* 


By R. A. BOMSTEIN ann MARVIN J. JOHNSON 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, March 14, 1952) 


From the distribution of radioactivity in the citrate they obtained, using 
labeled acetate and CO., Lewis and Weinhouse (1, 2) have concluded that 
the citric acid cycle is a major pathway for the formation of citrate by 
Aspergillus niger under the conditions they employed. It is obvious that 
in glucose fermentations in which citrate accumulates (60 to 75 per cent 
molar yield) reactions of the citric acid cycle, but not the complete cycle, 
could form the major pathway for citrate formation. Similarly, while a 
condensation of three 2-carbon fragments could account for the formation 
of some citrate, as suggested by Foster and Carson (3), this reaction (as- 
suming the C. compound is formed via the Embden-Meyerhof scheme) 
permits maximum citrate yields of 67 per cent and, by itself, could not 
account for yields above this value. In our experiments the conditions 
found by Shu and Johnson (4) to be optimum for obtaining citrate yields 
of about 60 to 70 per cent from hexoses were employed to determine to 
what extent the conclusions reported above for fermentations giving low 
citrate yields (10 to 25 per cent) are valid for fermentations of high citrate 
yield. The results obtained, in general, support the C.-C, condensation 
and the pyruvate carboxylation reactions proposed by Lewis and Wein- 
house (1) and indicate that the citric acid cycle is not operative to any 
significant extent when glucose is the chief substrate. 

According to Lewis and Weinhouse (2) oxalate may be formed from split- 
ting of oxalacetate, but probably not from splitting of oxalosuccinate, nor 
by direct oxidation of acetate. Their interpretation of their results was 
hampered by the fact that A. niger in their experiments had a high en- 
dogenous metabolism relative to its exogenous metabolism. In the ex- 
periments to be detailed here this obstacle was not encountered. The 
results obtained indicate that oxalate might be formed by splitting of 
oxalacetate or oxalosuccinate, but not by direct oxidation of acetate. 


Methods 


Culture and Fermentation—In order to obtain high yields of citrate A. 
niger 72-4 (5) was used throughout this work. Shu and Johnson (5, 6), 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Atomic Energy Commis- 
sion. 
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among others (7-9), have shown that certain concentrations of iron and 
zinc are optimum for obtaining high yields of citrate, and that traces of 
manganese may adversely affect the yield. Therefore, chemically cleaned 
Pyrex glassware, doubly distilled water, and chemicals of analytical re- 
agent grade were used throughout this work. The sporulation and fer- 
mentation media found by Shu and Johnson (5, 6) to give high yields of 
citrate were used. The mold was permitted to grow 5 to 7 days ona 
rotary shaker at 25° in the fermentation medium. The mycelial pellets 
from six flasks were then harvested, pooled, and washed six times with 
100 ml. portions of distilled water. Aliquots of a suspension of the my- 
celium in the replacement medium (same as the fermentation medium 
above, but with no ammonium nitrate, and half the iron concentration) 
were pipetted into the reaction vessels. All operations were performed 
under aseptic conditions. 

Analytical Techniques—Citric, oxalic, succinic, and acetic acids were 
isolated chromatographically essentially by the methods of Zbinovsky (10). 
Succinic, malic, oxalic, and acetic acids were determined by titration of 
the effluent. Citric acid was determined colorimetrically by the method 
of Saffran and Denstedt (11) after extraction from the effluent with a 
calculated (from titration of an aliquot of the effluent) amount of alkali, 
The Ry values of the above acids were very constant when care was taken 
to maintain constant conditions for chromatography. ‘This enabled iden- 
tification of the acids by comparison with known acids chromatographed 
under the same conditions. Succinic acid was also identified by compari- 
son of the rate of decolorization of methylene blue with that of known 
samples of succinic acid when a pig heart preparation (12) of succinic de- 
hydrogenase was added to the unknown and known samples. Oxalic 
acid was also identified by titration of the silver salt (prepared from the 
column effluent after extraction with alkali) with thiocyanate and com- 
parison of the amount of oxalate calculated from this determination with 
that calculated from direct titration of the effluent. The procedure of 
Feigl (13) was employed for more positive identification of acetate. 

Degradation Procedures—For chemical degradation of citrate essentially 
the method of Lewis and Weinhouse (1) was used upon the chromato- 
graphically isolated acid. Essentially the procedures of Potter and Reck- 
nagel' were employed for the enzymatic degradation of citrate. The re- 
action was stopped with 0.2 ml. of 50 per cent sulfuric acid and the reaction 
mixture deproteinized by addition of 0.2 ml. of 20 per cent tungstic acid, 
followed by centrifugation. 1.0 ml. of 10 per cent 2,4-dinitrophenyl- 
hydrazine in 2 N hydrochloric acid was added to the centrifugate or an 
aliquot thereof and allowed to react at room temperature for an hour. 
The hydrazones formed were extracted by shaking the solution twice with 


1 Potter, V. R., and Recknagel, R. O., private communication. 
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0.2 volume of ether. The ether extract was evaporated to dryness. The 
residue was taken up in 5 ml. of the upper phase, resulting from shaking 
400 ml. of a solution of 35 per cent butanol and 65 per cent Skellysolve C 
with 50 ml. of 0.5 m potassium citrate buffer at pH 5.0. The sample was 
then chromatographed on a silica gel or Hyflo Super-Cel column 18 mm. 
in diameter. 4.0 ml. of the citrate buffer were mixed with 4.0 gm. of the 
Super-Cel for this column. The Super-Cel was then mixed with 40 ml. of 
the butanol-Skellysolve-citrate solution and the slurry poured into the 
column. To separate the hydrazones placed on this column the upper 
phase described above was run through the column at the rate of 0.5 ml. 
per minute. Excess hydrazine reagent was eluted first, the hydrazones 
of pyruvic, a-ketoglutaric, and oxalacetic acids following in that order. 
The fraction containing the a-ketoglutarate derivative was concentrated 
in vacuo and taken to dryness in a vacuum desiccator. 20 mg. of carrier 
were added and the hydrazone was degraded by the method of Krebs (14). 
The carbon dioxide was absorbed in sodium hydroxide, while the reaction 
mixture was extracted with ether continuously, the ether extract evapo- 
rated to dryness, and the succinic acid isolated chromatographically. For 
quantitative determinations of the amount of keto acids the method of 
Friedemann and Haugen (15) was used. 

Counting Techniques—All radioactive substances were counted as such 
by pipetting an aliquot of known amount into a gelatin solution. 1.0 ml. 
aliquots of this solution were pipetted onto copper planchets 5 sq. em. in 
area and allowed to dry in air. The gelatin solution contained enough 
gelatin to give a thickness of 4 to 7 mg. per sq. cm. and enough sodium 
hydroxide to give a final concentration of 0.01 N. 


Results 


Carbon Recovery—Washed mycelium of A. niger was suspended in the re- 
placement medium to which traces of C'-carboxyl-labeled acetate (about 
0.0005 mole per mole of glucose) were added. The fermentation was car- 
ried out in Pyrex tubes (1 inch X 6 inches) placed on a rotary shaker. 
Compressed air was freed from carbon dioxide, rehumidified, filtered 
through cotton, and bubbled through the reaction vessels, and the carbon 
dioxide evolved in the fermentation absorbed in sodium hydroxide solu- 
tion. The results obtained in four of the runs with the above procedure 
are given in Table I. The low yield obtained in Experiment 1 may have 
resulted from accidental introduction of traces of manganese ions. It 
may be seen that the only products formed were carbon dioxide, oxalate, 
and citrate. No other products were found, and the total acidity produced 
did not exceed the acidity due to oxalic and citric acids. The unaccounted 
for sugar carbon was, therefore, presumably assimilated by the mycelium. 

Degradation of Citrate—As no chemical method lacking optical specificity 
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is satisfactory for differentiating 1 primary carboxyl of citrate from the 
other, it was necessary to turn to the enzymatic degradation procedure of 
Potter and Recknagel' for information concerning the relative specific 
activities of these carboxyls. Diagram 1 illustrates the presumable mode 
of degradation of citrate initially labeled by incorporation of carboxyl- 
labeled acetate. Carboxyl] 1 is the carboxyl derived from that of acetate, 
Carboxyl 2 is that derived from the 8-carboxyl of oxalacetate via carboxyla- 
tion of pyruvate. Carboxyl 3 is that which would be derived from the 
a-carboxyl of oxalacetate. Data to illustrate the validity of the degrada- 
tion procedure and a comparison of the results of the enzymatic method 
with those obtained by chemical degradation (Lewis and Weinhouse (1)) 


TABLE I 
Submerged Fermentation of Glucose and Carbozyl-Labeled Acetate 


Products formed 


Eaperiment Glucose used Molar yield Titratable 


of citrate acidity 
Citrate Oxalate | 
uM uM | uM | per cent | uM 
1 90.0 32.3 33.2 170 35.9 25.8 1.20 
oe 56.1 36.2 16.2 37.5 : 64.5 8.2 1.45 
3 65.0 46.3 15.7 60.3 71.3 3.5 1.65 
4 90 .0 48.5 24.5 88.0 | 53.9 | 18.6 2.00 


All data based on 1 ml. reaction mixture. Fermentation conducted with washed 
mycelium in replacement medium (traces, about 0.0005 mole per mole of glucose, of 
carboxyl-labeled acetate added) under aeration with CQO>,-free air. 

* Lost sugar (probably assimilated by mycelium) is sugar not accounted for as 
citrate, oxalate, or carbon dioxide. 


of the same samples are given in Table II. The values calculated for the 
number of moles of a-ketoglutaric acid formed from the oxidation of 
citrate to a-ketoglutarate are lower than those obtained or calculated from 
the manometric data. This may be explained by endogenous activity 
of the enzyme preparation. The activities of carboxyls 1 and 3 (Diagram | 
1) as determined by the two methods checked well. The activities of | 
carboxyl 2 checked less well. The reason for this is unknown. a 

Validity of C.-C, Condensation—In Table III the results of the en- | 
zymatic degradations are given in more detail, as well as the specific | 
activities of the carbon dioxide and oxalate formed during the conversion | 
of glucose to citrate. It may be seen that citrate has by far the highest | 
specific activity of any product and that the greatest activity is in carboxyl | 
1. This is the result to be expected if the present, most widely accepted | 
mechanism for citrate formation is valid. According to this mechanism, | 


R 


R. A. BOMSTEIN AND M. J. JOHNSON 


147 


the H;CCOOH (1) 
of 
fe HOCCOOH (2) 
H.CCOOH (3) j 
Citric acid 
te. 
la- cis-Aconitic acid 
he 
la- Isocitric acid 
Oxalosuccinic acid 
l 
(1) 
H:C + COz (2) 
7 O=CCOOH (3) 
e 
a-Ketoglutaric acid 
~ | H:CCOOH (1) 
H:CCOOH 
Succinic acid 
CO, (38) 
od 3 Diagram 1. Enzymatic degradation of citric acid 
of 
TABLE II 
Enzymatic and Chemical Degradations of Citrate 

e a-Ketoglutaric acid Counts per uM 
f fF Calculated Citrate carboxyl* 
Experiment Counts _ Citrate chain 

| No. recovered 1+3 ) | 
y Found From | From | 

citrate uptake Enzy- Chemi-| Enzy- Chemi-_ Enzy- Chemi- 
if | matic cal matic cal | matic cal 

447 | 418 | 62 47 | (0) | 7 
2 14.4 13.7. 15.5 75 214 | 211 41 29 | (0) £46 
" 2 3 15.3 | 14.1 15.3 79 182 176 34 34 (QO) 20 
4 15.5 14.4 | 16.4 83 177 22t | (0) | 6 


| 2 Citrate samples are from corresponding experiments of Table I. 
ie * The carboxyl designations are from Diagram 1. 
= t Only 94 per cent recovery was obtained in this chemical degradation. 


| 
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glucose is split into 2 molecules of pyruvate, 1 of which is oxidized to 
“active acetate’? and carbon dioxide, the other combining with this carbon 
dioxide to form a Cy acid. The C, acid then condenses with “active ace. 
tate” to form a molecule of citrate. If the assumptions are made that this 
mechanism is correct, and that radioactive acetate equilibrates with active 
acetate from glucose, the specific activity of acetate, and, thus, of carboxyl 
1, may be calculated. ‘These values are given in the 6th column of Table 
III. As may be calculated from the data of Table III, the observed counts 
in carboxyl 1 represent 72 to 120 per cent equilibration of added acetate 


TABLE III 
Radioactivity of Fermentation Products 
Counts per uM 
Experiment | Counts Citrate Citrate carboxyl* 
No. recovered Cc 
Oxalate arbon 
dioxide Calen- 2 or 3 calculated 
Found latedt 1 2 3 from one counts 
per cent 
1 88.0 | 38 18 508 | 320 382 62 65 (8.3) 
| (100) (16) (17) | 
2 86.5 | 29 17 243 | 232 173 41 29 (5.1) 
(100) | (24) (17). 
3 87.5 3.1 6.6 208 | 203 156 34 26 (5.3) 
| (100) | (21) | (17) | 
4 100 6.7 | 5.0| 202 | 147 | 139 | 37 | 38 | (3.4) 
(100) | (17) | (28) 


The products are from corresponding experiments of Table I. 

The figures in parentheses are values of carboxyls on the basis of carboxyl 1 = 10. 

* Carboxy] designations are from Diagram 1. 

t From the assumption that acetate from glucose is equilibrated with radioace- 
tate. 


with acetate from glucose. Probably, then, the C.-C, condensation re- 
action is valid for the formation of citrate. 

Origin of Activity of Carboxyls 2 and 3—The counts in carboxyls 2 and 3 
might be ascribable to recycling of part of the citrate formed via the citric 
acid cycle, resulting in formation of oxalacetate having a ‘“‘half label” 
in each of its carboxyls. It may be seen, however, that, in Experiments 
2 and 3 (Table III), carboxyls 2 and 3 are unequally labeled. The lower 
activity of carboxyl 3 might be ascribed to partial equilibration of the 
‘“‘“earbon dioxide carboxyl” of the oxalacetate with carbon dioxide. There 
is, however, a serious objection to the assumption that the activity of 
carboxyls 2 and 3 results from recycling of citrate. The maximum amount 
of recycling that could have occurred may be calculated from the total 


| 

| 
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count in the carbon dioxide. For every mole of citrate recycled, 3 moles 
of carbon dioxide are evolved, 2 moles of which have half the activity of 
carboxyl 1, the 3rd mole being unlabeled. The last column of Table III 
shows the labeling of carboxyls 2 and 3 that would result from the amount 
of recycling that could have occurred. It will be seen that the values 
fall far short of those observed. Moreover, if any incorporation of ac- 
tivity into carbon dioxide occurred by mechanisms other than recycling, 
even less recycling could have taken place. 

It therefore appears impossible that the radioactivity of carboxyls 2 
and 3 is due solely to recycling. A similar conclusion can be reached by 
calculation of the maximum amount of recycling from the molar yield of 
citrate or from the total carbon dioxide production. 

As has been pointed out, the formation of oxalacetate from two 2-carbon 
fragments is excluded as a main pathway, because observed yields of citric 
acid are higher than those possible by this reaction. However, the for- 
mation of about 20 per cent of the total citrate from oxalacetate formed 
in this way would adequately explain the labeling of carboxyls 2 and 3. 

C.-C, Condensation—Supporting evidence for the occurrence of a C2 
to C; condensation was obtained from the use of carboxyl-labeled acetate 
as the sole substrate for washed mycelium in submerged fermentation. 
As may be seen from the data of Table IV, the succinate isolated at 40, 66, 
and 92 hours had an almost constant specific activity, about 24.5 ¢.p.m. 
per uM, and the malate at 40 hours had 24.6 c.p.m. per um. If these acids 
were derived from citrate by the scheme of Diagram 1, they would have the 
same activity as carboxyl 1 of the citrate. However, enzymatic degrada- 
tion of the citrate at 40 hours showed that carboxyl 1 had 19.5 c.p.m. per 
uM, making it improbable that the succinate and malate were derived from 
citrate alone. In support of this conclusion it will be noted from Table IV 
that the quantity of succinate present in the medium increased with the 
amount of citrate, but practically disappeared as the citrate was utilized. 
On the other hand, the sum of the activities of carboxyls 2 and 3 was 24.6 
¢.p.m. per uM, about the same as that of the succinate and malate. As 
carboxyls 2 and 3 are the carboxyl groups of the 4-carbon precursor of 
citrate, the succinate or malate could be identical, or in equilibrium, with 
this precursor and would have been synthesized before formation of cit- 
rate. The only apparent substrate from which they could have been 
synthesized was acetate. However, acetate had a specific activity of 17.1 
¢.p.m. per uM, and a C, to C2 condensation from this substrate would 
yield 4-carbon acids with an activity of 34.2 ¢ p.m. per um. The observed 
activities of the C, acids could be accounted for by the assumption that 
they were formed from acetate, but were in equilibrium with oxalacetate 
(oxalacetate was isolated at 40 hours from the medium) that exchanged 
its carboxyl initially with carbon dioxide of lower activity. Subsequent 


| 
to 
ce- 
his 
ive 
l 
ble 
nts 
ate 
d | 
ts 
e- 
e- 
3 
| 
t 
| 


150 CITRATE FORMATION BY A. NIGER 


equilibration of the carboxyls of oxalacetate through a 4-carbon acid cycle 
might yield the observed activities. An alternative explanation is that 
about 50 per cent of the C, acids was formed by direct C2 to Cz condensa- 
tion, the other 50 per cent by degradation of citrate. This would give (, 
acids with a specific activity of 26.8 c.p.m. per uM. 

Existence of Initial Pool of Citrate Precursor—It was suggested by Dr, 
Harland G. Wood that in the experiments in which only traces of acetate 
were added initially to the medium the data obtained from analyses at the 
conclusion of the experiments might not represent truly the conditions 
obtaining during the fermentation. Therefore, an experiment was per- 


we 


TABLE IV 
Submerged Fermentation of Carboryl-Labeled Acetate As Sole Substrate 


Time | — — Oxalate formed | Succinate found Malate found | Citrate formed 


| 


c.p.m. 
per uM 


| 
eo. 16.6 | | 
| 17.1 28 | 


hrs. uM 


11 (0.33 24.6 
110 17.1 30 11 | 
| | B60 | | 


The enzymatic degradation of citrate at 40 hours gave for carboxyl 1, 19.5 c.p.m. 
per uM, carboxyl 2, 12.3 ¢.p.m. per wm, and carboxyl 3, 12.3 c.p.m. per um. Fer- 
mentation conducted in 500 ml. Erlenmeyer flasks on a rotary shaker with ” 
washed mycelium in a replacement medium: 20 gm. of acetic acid as sodium ace- 
tate, 2.6 gm. of KH2PQO,, 0.25 gm. of MgSO,-7H,20, 0.7 mg. of Fe, 0.25 mg. of 
Zn, about 53 um of C'-carboxyl-labeled acetate, all dissolved in 1 liter of water 
and adjusted to pH 6.8. . At least three flasks were pooled for analysis at the 
times given in the table. All data based on 1.0 ml. of medium. 


formed in which trace quantities of carboxyl-labeled acetate were con- | " 
tinuously fed to a glucose replacement medium undergoing submerged 
fermentation. The results of this experiment are given in Table V. The | 
yields of citrate obtained were somewhat lower than those in previous | a 
experiments with glucose as the substrate. This probably resulted from [| I 
introduction of trace impurities of metal with the acetate, probably from |. 
the rubber tubing used to introduce the acetate. pf 

It may be seen that the specific activity of the citrate increased during | 
the experiment. As the added acetate was fed at an almost constant rate | ¢: 
through 27 hours, and the glucose was used at an almost constant rate, the E cl 
specific activity of the citrate formed should have been almost constant. | fe 
If, however, a pool of acetate or citrate precursor existed initially in the | fc 
mycelium, the specific activity of citrate, once the pool was exhausted, | 
would increase above the initial activity as radioactive acetate was added. | i 


0 | 0.32 

| 2.0 44.0 

(3.8 44.0 | 
16.4 44.0 
1.5 44.0 
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The following calculations support this hypothesis. If the specific ac- 
tivity of the acetate for any interval between the times given in Table V 
is calculated by the methods previously described, the values given in 
parentheses are obtained. Comparison of these values with those ac- 
tually obtained by enzymatic degradation shows that the calculated values 
are much higher. However, if a pool of citrate precursor, about twice the 
size of that formed from glucose in the first 15 hours, existed initially 
and was utilized in that period, the calculated specific activity of the 


TABLE V 
Submerged Fermentation of Glucose and Carboxyl-Labeled Acetate* 


| ; Citrate carboxyl 
Time Glucose used Molar yield | Oxalate formed Citrate formed — = 2 
1 2 3 
0 0 
15 46.0 52.5 5.9 20 23.8 106 68 20 18 
| (206) 
23 63 .0 51.3 6.8 30 | 32.0) 170 111 33 26 
| (288) 
27 73.3 47.6 | 8.1 36 | 34.0 183 | 131 39 | 13 
| | | | (254) 
31 80.0 47.5 7.8 21 38.0 686 435t 148t 102t 
| 


* Acetate was fed in a trace quantity continuously into replacement medium at 
the rate of about 3.65 X 10? c.p.m. per ml. of medium per hour. At the end of 27 
hours about 3.67 X 10‘ c¢.p.m. per ml. of medium were added at one time; then con- 
tinuous feeding was resumed. 

t Chemical degradation of this sample gave for carboxyls 1 + 3, 539 ¢.p.m., for 
carboxyl 2, 136 ¢.p.m., for chain carbons, 6.1 c.p.m. All data based on 1.0 ml. reac- 
tion mixture. The carboxyl designations are those of Diagram 1. The figures in 
parentheses are calculated from the assumption that radioacetate is equilibrated 
with acetate from glucose. 


acetate would be only 68 ¢.p.m. per uM, the same as that of carboxy] 1. 
In the next 8 hours 8.2 uM of citrate were formed from acetate having 288 
c.p.m. per uM. If the sum of the number of moles of citrate formed in the 
first 15 hours multiplied by the specific activity of the citrate, plus the 
number of moles of citrate formed in the next 8 hours multiplied by the 


- calculated specific activity, is divided by the total number of moles of 
citrate formed, the specific activity obtained, 124 c.p.m. per uM, agrees 
A fairly well with the observed value at 23 hours. The same calculations 
: for the citrate specific activities at 27 and 31 hours give values of 120 and 


744 c.p.m. per uM. The observed value for 27 hours agrees with that 
calculated, but the observed value for the 31 hour sample is only 60 per 
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cent of that calculated. The discrepancy at 31 hours may result from the 
formation of some citrate from non-radioactive substances. As will be 
shown, some oxalate in this experiment was formed from non-radioactive 
substances from 27 to 31 hours. The validity of the enzymatic degrada- 
tion at 31 hours was checked by chemical degradation of the citrate formed 
As may be seen from Table V, the two methods gave results that are in 
good agreement. 


DISCUSSION 


Origin of Cy, Acids—As has been pointed out, the major pathway for 
formation of the C, precursor of citrate cannot be via the C. to Cy conden- 
sation reaction, but more probably by fixation of carbon dioxide. It is 
improbable that this occurs by a simple reversal of oxalacetate decarboxyla- 
tion for two reasons. First, the condensation of oxalacetate with ‘‘active 
acetate” is not sufficiently exergonic to operate at a reasonable reaction 
rate at the low oxalacetate concentration which would be present if the 
fixation reaction were a simple reversal of oxalacetate decarboxylation, 
Second, the authors have observed in some fermentations oxalacetate 
concentrations (about 10-4 M) about 100-fold those which could occur asa 
result of simple pyruvate carboxylation. Whatever the actual mecha- 
nism of fixation may be, that it does occur has been shown by Lewis and 
Weinhouse (1), Martin et al. (16), and Foster and Carson (3). However, 
that it is the sole mechanism of C, formation is not likely from the data 
presented here, the Thunberg condensation probably occurring simultane- 


ously, but to a lesser extent. Recycling of citrate as a source of the ( 


precursor of citrate, when the conditions of fermentation are such as to 


give 50 to 70 per cent yields of citrate, probably occurs, if at all, to a very 


minor extent. 


Origin of Oxalate—The data of ‘Table III show that the oxalate formed | 
had too low an activity to have been formed from acetate or from any of [ 


the citrate carboxyls. However, inspection of Table V shows that, be 
tween 27 and 31 hours, the amount of oxalate decreased, and at the same 
time its specific activity decreased, showing that formation, as well a 
utilization, took place. It will further be noted that, in the early stages 
of the fermentation, the activity of the oxalate was such that it might 


have been formed by splitting of oxalacetate or oxalosuccinate. In the | 


later stages of the fermentation, however, it could have been formed only 
from an essentially non-radioactive compound. At no stage of the fer 
mentation could it have been formed from acetate or a 2-carbon compound 
in equilibrium with acetate. When carboxyl-labeled acetate was used 3 
the sole substrate, data in essential agreement with the above conclusion 
were obtained, as may be seen from Table IV. 
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SUMMARY 


Citrate is probably formed by Aspergillus niger by condensation of 


“active acetate” and a C,-dicarboxylic acid. 


In fermentations yielding high citrate the C,-dicarboxylic acid is prob- 


ably formed by condensation of 2 acetate molecules to a small extent, but 
mainly by condensation of carbon dioxide with a 3-carbon compound. 


The mechanism of carbon dioxide fixation is probably not by a simple 


reversal of oxalacetate decarboxylation. 


Oxalate may be formed by splitting of oxalacetate or oxalosuccinate, but 


not by direct oxidation of acetate. 
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INTRACELLULAR DISTRIBUTION OF ENZYMES 
X. DESOXYRIBONUCLEASE AND RIBONUCLEASE* 


By WALTER C. SCHNEIDER ann GEORGE H. HOGEBOOM 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, April 25, 1952) 


The exclusive localization of DNA in the nucleus of the liver cell (1) 
and the concentration of the major portion of the RNA of the liver cell 
in the submicroscopic particle fraction (1) suggested that a study of the 
localization of the enzymes responsible for the depolymerization of these 
nucleic acids would be of interest. It was anticipated that these enzymes 
would be associated with the same cellular structures as their substrates. 
As the results reported in this paper will show, however, this proved not 
to be the case, since the major portion of the DNase and RNase activities 
of mouse liver was found to be associated with the mitochondria. The 
latter do not contain DNA and contain only small amounts of RNA (1). 


Materials and Methods 


The following materials were used in the present study: highly poly- 
merized DNA (prepared from calf thymus by a modification of the method 
of Hammarsten (2)), highly polymerized rat liver RNA (3),' succinic acid 
(Baker’s ¢.p.), perchloric acid (Merck, 60 per cent, reagent). 

The DNase and RNase activities of the liver homogenates and fractions 
were measured by determining the production of acid-soluble compounds 
from highly polymerized DNA and RNA.? The reaction mixtures were 
made up to a total volume of 1.0 ml. and contained 0.02 m sodium suc- 
cinate, 0.01 M magnesium sulfate, 0.2 mg. of highly polymerized DNA or 
RNA, and a suitable amount of liver homogenate or liver fraction. The 
pH of the sodium succinate buffer was 4.5 when DNA was the substrate 
and 5.0 when RNA was the substrate. Incubation was for 30 minutes at 
37.5°. The reactions were stopped by the addition of 0.2 ml. of 12 per cent 
perchloric acid, the insoluble protein and nucleic acid were removed by 
centrifugation, and the optical density of the supernatant was measured at 


* The following abbreviations will be used in this paper: DNA = sodium desoxy- 
ribonucleate, RNA = sodium ribonucleate, DNase = desoxyribonuclease, RNase = 
ribonuclease. 

‘The sample of highly polymerized rat liver RNA (P-53-MS) was a gift from 
Edward L. Grinnan. 

? Schneider, W. C., and Hogeboom, G. H., unpublished. 
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260 my in the Beckman model DU spectrophotometer. This optical den. 
sity was corrected by subtracting a blank in which the reaction mixtures 
were incubated as above, except that the DNA or RNA was added after 
the perchloric acid. Under these conditions, the corrected optical density 
of the supernatant was directly proportional to the amount of tissue added 
and to the time of incubation.” 

Mice of the C3H strain were killed by cervical dislocation and _ their 
livers were perfused in situ with ice-cold 0.145 m NaCl, followed by 0.25 
sucrose. All subsequent steps were carried out at 0°. The livers were 
homogenized in 9 volumes of 0.25 M sucrose in a modification (4) of the 
apparatus of Potter and Elvehjem (5) and were fractionated by centrifuga- 
tion as previously described (6) into nuclear (Nw), mitochondrial (Mw,), 
and supernatant (S;) fractions. In some cases the supernatant was further 
fractionated into submicroscopic particulate (P) and soluble (Sz) fractions. 

Disruption of the mitochondria] membranes was accomplished by expos- 
ing a suspension of mitochondria in 0.25 mM sucrose (equivalent to 200 mg, 
of perfused liver per ml.) to sonic vibrations for 20 minutes (7) at 2° in 
the 9 kc. Raytheon type R-22-3 oscillator. The soluble portion of the 
mitochondria (S2) was obtained by centrifuging the disrupted mitochondrial 
suspension for 30 minutes at 115,000 X* g (preparative rotor C, Spinco 
model E ultracentrifuge). 

In the adsorption experiments (Table III), equal volumes of a suspen- 
sion of mitochondria or submicroscopic particles and the soluble fraction 
obtained from the mitochondria (see the preceding paragraph) were mixed. 
The mitochondria were recovered from the mixture by centrifuging for 10 
minutes at 24,000 * g and the submicroscopic particles by centrifuging 
for 60 minutes at 115,000 * g. The mitochondria, submicroscopic par- 
ticles, and the soluble fraction of the mitochondria were at concentrations 
equivalent to 200 mg. of perfused liver per ml. 

Mitochondrial counts were made in a Petroff-Hausser bacterial chamber 
as described previously (8). Total-nitrogen determinations were made by 
the method of Ma and Zuazaga (9). 


Results 


Distribution of DNase and RNase in Mouse Liver Fractions—The DNase | 
and RNase activities of mouse liver and the fractions isolated from it are | 
presented in Table I. The RNase activity of mouse liver was much [ 
greater than the DNase activity, since almost seven times as much acid- i 


soluble material was released by the liver when RNA was the substrate > 


as when DNA was the substrate. Both activities were recovered mainly | 
in the mitochondrial fraction in which the only extensive concentration | 
of the activities had occurred. The recovery of DNase and RNase in the | 


4 
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mitochondrial fraction was 73 and 58 per cent, respectively, of the total 
liver activity, and the specific DNase and RNase activities of the mito- 
chondria were more than twice as great as those of the original liver. Al- 
though the recovery of RNase in the mitochondria was less complete 
than was that of DNase, the over-all recovery of RNase was only 85.4 
per cent. This poor recovery of RNase in the liver fractions apparently 
involves some subtle interaction between the fractions, because when they 
were recombined in the same proportions which existed in the original 


TABLE I 


Distribution of DNase and RNase Activities in Fractions Obtained from C3H Mouse 
Liver Homogenates 


The values reported in the table are for 100 mg. of perfused liver or an equivalent 
amount of each fraction. 


DNase activity RNase activity 
Mi- 
Total 
Liver fraction Fraction Fraction 
Total | of homo- | Specific Total of homo- | Specific 
genate genate 
Exso per Ex6o per 30 
E E 
mg. |X 10-9 per cent per cent = ber 
Homogenate....| 2.29 | 9.76 | 12.4 (100 ) 5.4 85.5 (100 ) 37 
a a 0.236 | 0.86 1.28 10.3 5.4 8.74 10.2 37 
EA er 0.617 | 8.12 9.08 73.0 14.7 49 .6 58.0 80 
8; 1.40 | 0.64 | 2.60 20.9 1.9 
0.726 10.5 12.3 14 
0.795 4,22 4.9 5.3 
| 104.2 85.4 
Reconstituted 
homogenate. | 84.7 99.1 


homogenates, full activity was obtained (Table I). Corrected for the 
low total recovery of RNase activity, the recovery of RNase activity in 
the mitochondria would increase to a value of 68 per cent. The latter 
figure compares favorably with the value of 73 per cent obtained for DNase 
activity. The recovery of enzymatic activities in the mitochondrial frac- 
tion was somewhat lower than the recovery of mitochondria, since 83 per 
cent of the liver mitochondria by actual count were recovered in this 
fraction (Table I). The discrepancy between the recovery of mitochondria 
and enzymatic activity is probably due to inaccuracies in both deter- 
minations. 

About 10 per cent of the total DNase and RNase activity of the liver 
was recovered in the nuclear fraction and about 20 per cent in the super- 
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natant, S;, or in the fractions obtained from it (Table I). The activity 
of the nuclear fraction can apparently be accounted for mainly by contami- 
nating mitochondria, since counts of mitochondria (Table I) indicated 
that this fraction contained about 9 per cent of the total liver mitochondria, 
That the nuclei contain little or no DNase or RNase activity is further 
indicated by the fact that, when nuclei were isolated by an improved 
method (10) that permits the isolation from liver of 70 to 90 per cent of 
the nuclei contaminated by less than 0.5 per cent of the mitochondria, the 
activity of the nuclei was less than 1 per cent of the total activity. 

The activity of the supernatant, S;, or of its subfractions, can be ex- 
plained in part by the presence in this fraction of about 7 per cent of the 
total liver mitochondria (Table I). The remaining activity of the super- 
natant may represent activity that has been lost from the mitochondria, 
since about 5 per cent of the total RNase activity was recovered in the 
soluble fraction, Se, and since a large proportion of the mitochondrial 
activity is apparently of a soluble nature (see below). 

Distribution of DNase and RNase within the Mitochondrion—When mito- 
chondria are disrupted by means of sonic vibrations, more than half of the 
total mitochondrial nitrogen is released in the form of soluble proteins (8). 
It was therefore of interest to determine the distribution of the enzymatic 
activities in disrupted mitochondrial suspensions. The results of these 
experiments are reported in Table IT. 

The DNase and RNase activities of the mitochondria were increased 
as a result of the sonic treatment. Thus the DNase activity increased from 
7.52 to 10.0 after sonic disruption, while the RNase activity increased 
from 36.0 to 54.0. The reason for these increases in activity is not known. 
However, an increased availability of substrate to enzyme would appear 
to be a likely possibility in view of the evidence for the existence of a 
mitochondrial membrane (11). 

When the suspension of mitochondria disrupted by sonic vibrations 
(MwS, Table IT) was centrifuged at high speed, 66 per cent of the total 
nitrogen, 61 per cent of the DNase activity, and 77 per cent of the RNase 
activity were no longer sedimentable. These results would appear to 
indicate that DNase and RNase are present in mitochondria in soluble 
form. There are several possible explanations for the fact that not all 
of the activity was recovered in the soluble mitochondrial fraction. Thus | 
the pellet remaining after the high speed centrifugation and containing the " 
remainder of the mitochondrial activity was not washed and, in addition, | 
included unbroken mitochondria. Furthermore, the experiments described | 
below suggest that some of the activity may have been adsorbed on the & 
small particles of the pellet. 2 

Adsorption Experiments—In studies of the intracellular distribution of 
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enzymes by means of centrifugal fractionation of disrupted cell suspen- 
sions, several criteria must be met before definite conclusions can be 
drawn concerning the localization of an enzyme in a given fraction (1). 
Two of these criteria require that a major portion of the total enzymatic 
activity of tissue be recovered in a single fraction and that the activity be 
concentrated in that fraction to a considerable extent. Although both of 
these requirements have already been satisfied in the localization of 
mouse liver DNase and RNase in the mitochondrial fraction (Table I), 
the possibility must be considered that these activities could have appeared 
in association with the mitochondria as a result of adsorption of the en- 
zymes either from true solution or following release of these activities 
from some other particulate structure. One possible approach to the 
problem of adsorption that was considered was that of adding crystalline 


TABLE II 
DNase and RNase Activities of Isolated C8H Mouse Liver Mitochondria after Sonic 
Disintegration 
The values reported in the table are for the equivalent of 100 mg. of perfused liver. 
Liver fraction Total nitrogen DNase activity RNase activity 
mg. Ex60 per 30 min. E260 per 30 min 


*Supernatant from MwS. 


RNase and DNase to the liver homogenate or to the isolated mitochondria 
to see whether adsorption of these enzymes by mitochondria would occur. 
This approach was not pursued for two reasons: (1) there is no assurance 
that the crystalline pancreatic enzymes are identical with the liver en- 
zymes in physical and chemical properties, and (2) the kinetics of the crys- 
talline enzymes are so much more complex than the simple kinetics of the 
liver enzymes that such studies would involve considerable difficulties in 
measurement. 

Since it was observed that a large proportion of the DNase and RNase 
activities of mitochondria could be made soluble by means of sonic dis- 
integration (Table II), it was decided that a simpler and possibly more 
significant experiment would consist in mixing isolated mitochondria and 
the soluble fraction obtained from the same preparation of mitochondria, 
followed by the centrifugal separation of the mixture into mitochondria 
and supernatant (MwA and S.A, Table III). When this was done (Table 
III), it was found that the mitochondria actually lost material, as shown 
by a decrease in the total nitrogen from 0.734 mg. for Mw to 0.639 mg. 
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for MwA. This change was reflected by an increase in the total nitrogen 
content of the supernatant from 0.407 mg. for S. to 0.453 mg. for S.A. 
In contrast to these changes in the nitrogen distribution, the DNase ac- 
tivity of the supernatant, 52, was decreased 29 per cent, while the activity 
of the mitochondria increased a corresponding amount. This would in- 
dicate that 29 to 30 per cent of the DNase activity of the supernatant was 
adsorbed by the mitochondria when the two fractions were mixed. No 
RNase activity was adsorbed from the supernatant by the mitochondria 


TaBLeE III 
Adsorption of DNase and RNase Activities by Mitochondria and Submicroscopic 
Particles from Soluble Fraction (Sz) of C3H Mouse Liver Mitochondria 
The results presented in the table are for the equivalent of 100 mg. of perfused 
liver. 


DNase activity _—RNase activity 
Liver fraction Total nitrogen s 
Total removed Total removed 
from Sz from S: 
| mg. per cent per cent 
| 0.407 4.46 26.8 
| 0.453 3.18 29 27.0 0 
PA, submicroscopic particles | 
recovered from mixture P | | 
S.B, supernatant recovered | | 
from mixture P + S:........ | 0.434 $1.28 71 12.4 54 


under the same conditions, despite the fact that the RNase activity of 
the supernatant was about 6 times as great as the DNase activity. 

In view of the results with mitochondria and the fact that adsorption is 
conditioned by particle size, it was considered of interest to determine 
whether submicroscopic particles isolated from mouse liver would be cap- 
able of adsorbing DNase and RNase activity from the soluble fraction of 
mitochondria. When these fractions were mixed and reseparated, it was 
found that the nitrogen content of the supernatant increased slightly, while 
that of the submicroscopic particles decreased slightly (Table III). In 
contrast to these findings, however, it was found that both DNase and 
RNase were strongly adsorbed by these particles. Thus 71 per cent of 
the DNase activity and 54 per cent of the RNase activity of the super- 
natant, Ss, were removed by the submicroscopic particles and recovered 
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in the reisolated submicroscopic particles. The adsorption of DNase and 
RNase by these particles was so great that the specific activity of the 
particles was increased 2.5 to 3 times. 

If it is assumed that DNase and RNase are present in the mouse liver 
cell in soluble form or that they are released from a particulate structure 
other than the mitochondria when the cells are disrupted, the above ex- 
periments suggest that the DNase and RNase of mouse liver should have 
been localized in the submicroscopic particle fraction instead of in the 
mitochondrial fraction. The failure of the mitochondria to adsorb addi- 
tional activity to the same degree as did the submicroscopic particles might 
have been because the mitochondria were already saturated with both 
enzymatic activities, however. Although this point cannot be refuted 
directly, the increase in activity observed after disruption of the mitochon- 
dria (Table II) would appear to indicate that the enzymes were present 
within the mitochondria rather than adsorbed on the surface. Further- 
more, Neff (12) has found that the DNase activity of nuclei isolated in 
citric acid at pH 6 was apparently adsorbed and could be completely re- 
moved by washing the nuclei with 0.013 m MgSQO,. In repeating this 
experiment with isolated mitochondria it was found that, when mitochon- 
dria were suspended in 0.25 M sucrose containing 0.013 m MgSO, and re- 
isolated by centrifugation, the DNase and RNase activities of the mito- 
chondria were 105 and 109 per cent, respectively, of the activities of the 
untreated mitochondria. 


DISCUSSION 


The finding that both the DNase and the RNase activities of mouse liver 
were localized in the soluble fraction of the mitochondria appears to be 
the only point of resemblance between the two enzymatic activities of 
this tissue. The pH optimum, the magnesium requirement, the relative 
activity, and the rate of depolymerization of polymerized and partially 
depolymerized substrate have been found to be considerably different for 
the two substrates and suggest that several enzymes are involved.2,_ Never- 
theless, the determination of whether there are one or several enzymes 
involved in the depolymerization of DNA and RNA by mouse liver would 
appear to require the actual isolation of these enzymes. For such an isola- 
tion, the soluble fraction of the mitochondria would seem to be an ideal 
starting point. 

The finding that DNase and RNase are localized in the mitochondria 
of the liver cell does not agree with earlier reports showing the presence in 
thymus and kidney nuclei of large amounts of these enzymes (12-16). 
These earlier findings would appear to require reevaluation in view of the 
findings of Neff (12, 17) that the DNase activity can be removed from 
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nuclei isolated in citric acid by washing the nuclei with salt solutions, 
that DNase can be adsorbed from the cytoplasm by nuclei when the pH 
of the mixture is lowered to 6.0, and that nuclei prepared from ethylene 
glycol homogenates are devoid of DNase activity. The experiments re- 
ported in this paper seem to rule out adsorption as a factor responsible 
for the localization of DNase and RNase in liver mitochondria. The 
reason for the localization of these enzymes in this cellular structure is a 
source of some perplexity, however, inasmuch as DNA is localized in the 
nucleus of the liver cell (1) while RNA is concentrated in the submicroscopic 
particles (1). Since the enzymes responsible for the maintenance of the 
high energy stores of the liver cell are also localized in the mitochondria (1), 
it may be possible to couple the energy-producing mechanism with the 
DNase and RNase of the mitochondria for the synthesis of highly poly- 
merized DNA and RNA. Experiments testing this possibility are planned. 


The authors are indebted to Miss Mary Jo Striebich for the mitochon- 
drial counts and the nitrogen determinations included in this paper. 


SUMMARY 


1. Mouse liver homogenates were separated by means of differential 
centrifugation into nuclear, mitochondrial, submicroscopic particulate, and 
soluble fractions and the distribution in these fractions of desoxyribonv- 
clease and ribonuclease activities was determined. A major portion of 
the total liver activity of both enzymes was recovered in the mitochondrial 
fraction and the specific activity of the enzymes in this fraction was more 
than 2 times that of the liver homogenate. 

2. When isolated mouse liver mitochondria were disrupted by means of 
sonic vibrations, it was found that the desoxyribonuclease and ribonuclease 
activities of the suspension were considerably increased and 61 per cent 
of the mitochondrial desoxyribonuclease and 77 per cent of the mitochon- 
drial ribonuclease were soluble (non-sedimentable at 115,000 X 4g). 

3. To test for adsorption, isolated mitochondria and submicroscopic 
particles were mixed with the soluble fraction of disrupted mitochondria 
and reisolated. The mitochondria did not adsorb ribonuclease activity 
from the soluble material but did remove 29 per cent of the desoxyribonu- 
clease activity. The submicroscopic particles adsorbed 71 per cent of 
the desoxyribonuclease activity and 54 per cent of the ribonuclease activity 
from the soluble fraction of the mitochondria. 

4. These findings suggest that the desoxyribonuclease and ribonuclease | 
activities of mouse liver are probably functions characteristic of mito- : 
chondria. 
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UTILIZATION OF CARBON DIOXIDE IN THE SYNTHESIS 
OF PROTEINS BY ESCHERICHIA COLI. I 


By PHILIP H. ABELSON, ELLIS T. BOLTON, ann ELAINE ALDOUS 


(From the Department of Terrestrial Magnetism, Carnegie Institution of 
Washington, Washington, D. C.) 


(Received for publication, December 26, 1951) 


Since carbon dioxide is always present in living systems where synthesis 
of proteins is occurring, it 1s desirable to study the fate of tracer isotopes 
of this rather simple metabolite before turning to more complicated sub- 
strates. Metabolic activity of most organisms leads to formation of CO, 
which in many cases is subsequently incorporated into amino acids, pu- 
rines, pyrimidines, and other biologically important compounds. The 
studies leading to formulation of the Wood-Werkman reaction (1) demon- 
strated the importance of carbon dioxide as a participant in metabolism 
of heterotrophic organisms. Later investigations by Ruben and Kamen 
(2) and Evans and Slotin (3) indicated that carbon dioxide is utilized by 
mammalian tissues. The incorporation of isotopic carbon into proteins | 
of mammalian liver was first demonstrated by Delluva and Wilson (4), 
who studied fixation of C® derived from NaHCO; and found the isotope 
in aspartic and glutamic acids and arginine. ‘These workers were hindered 
in their investigation by relatively low metabolism of the organisms used 
and the unavoidable dilution of the isotopic carbon with inactive carbon. 
Anfinsen et al. (5) have studied incorporation into liver slices of C™ de- 
rived from NaHC'O;. They also found isotopic carbon in aspartic and 
glutamic acids and arginine. Ehrensvard (6) has studied incorporation 
of C®O. by the yeast Torulopsis utilis and has found isotopic carbon in 
the three amino acids already mentioned and lesser amounts in other 
amino acids. 

We have investigated the metabolism of Escherichia coli in the presence 
of C“O. and have found that as much as 50 per cent of the isotopic tracer 
added to the medium was fixed by the organisms. Two-dimensional paper 
chromatograms of hydrolysates of these organisms followed by radio- 
autographs revealed at least sixteen different radioactive components. 
Studies have been made to determine the components into which the C™ 
was synthesized. It has been possible to account for most of the radio- 
activity in proteins and nucleic acids. Isotopic carbon has been found in 
amino acids from protein hydrolysates including aspartic and glutamic 
acids, arginine, lysine, proline, and threonine. The location of isotopic 
tracers in these amino acids has been partially determined. 
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Methods 


Cells of E. coli strain B growing in the logarithmic phase were harvested 
and resuspended in a freshly boiled medium containing 6 gm. of NasHPO,, 
3 gm. of KH2PO,, 1 gm. of NH,Cl, 5 gm. of NaCl, 0.2 gm. of MgSO,-7H.0 
per liter. Concentration of the organisms was adjusted to an optical den- 
sity of 0.180 (about 5 X 10% cells per ml.) which amounted to 90 mg., wet 
weight, in the 150 ml. volume of medium employed. The cell suspension 
was placed in a glass-stoppered 1500 ml. flask, a solution containing 60 
mg. of glucose and some NaHC™O; was added, the flask was securely 
stoppered, and the mixture vigorously agitated on a shaking machine at 
37° for 1 hour. In this time all the glucose was metabolized and the or- 
ganisms about doubled in amount. Sufficient oxygen was present in the 
flask for aerobic growth and none of the CO: was lost from the system. 
The cells were harvested by centrifugation, washed, and chemically frae- 
tionated. 

The high specific activities of the radioactive products of FE. coli me- 
tabolism permitted rapid and simple radioactive assays. It was possible 
to limit samples to 2 mg. which, with the planchettes employed, amounted 
to no more than 0.3 mg. per sq. cm. For samples of this thickness no 
correction for self-absorption was necessary. It was also possible to em- 
ploy an end, thin window Geiger counter, the stability and reproducibility 
of which are markedly superior to the flow type device. Use of paper 
and resin chromatography for chemical separations avoided introduction 
of extraneous chemicals into the assay samples. 


EXPERIMENTAL 


A first step in studying the metabolism of CO, by an organism is to 
determine the amount of exogenous CO, incorporated per mole of sub- 
strate consumed. The measurement is complicated by the dilution of 
the isotopic carbon which occurs during metabolism. It was therefore 
convenient first to measure the evolution of CO: per mole of glucose sub- 
strate consumed, and then to conduct a separate CO. uptake experiment 
in the presence of a large quantity of labeled CO.. Another experiment 
showed that CO, incorporation was independent of its concentration in 
the medium over the experimental range involved. The measurement of 
CO: production was conducted in a 1500 ml. flask fitted with a stop-cock. 
An E. coli inoculum in the logarithmic phase was resuspended in 80 ml. 
of freshly boiled medium at pH 6.8. Glucose was added, the container 
securely stoppered, and the culture shaken at 37° until all the glucose (60 
mg.) had been consumed (1 hour). The container was inverted and the 
liquid contents drawn out. The container was rinsed with 10 ml. of 
0.01 n HCl and the CO; in the container absorbed by addition of 20 ml. of 
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0.2 n NaOH and shaking for an hour. After collection of the hydroxide, 
the container was rinsed once again with 10 ml. of 0.2 Nn NaOH. The 
portions of hydroxide were combined and the carbonate precipitated as 
BaCO;. The pH of the bacterial culture was measured and the quantity 
of CO, present in the medium determined by the Henderson-Hasselbalch 
equation. ‘The experiment is summarized in Table I. 

In the uptake experiment the 80 ml. of FE. coli suspension were placed 
in a 1500 ml. glass container with 0.333 mole of glucose, and 4.0 moles of 
labeled COz were added. The results of the experiment are shown in 
Table IT. 

In a given experiment the total uptake of isotopic tracer was governed 
by the inoculum, the amount of non-isotopic COs, the incubation time, 


TABLE I 
Production of CO, by E. coli during Glucose Metabolism 


Glucose consumed Final pH CO: in gas phase COs mole 
mM M 
0.333 6.70 0.77 0.130 3.4 
TABLE II 


C0, Fixation by E. coli during Glucose Metabolism 


Glucose consumed) Initial COs Initial COs Final COz COs fixed in cells (02 fixed per mu 
mM mM C.p.s. mM C.p.s. mM 
0.333 4.0 16,000 4.8 252 0.21 


and the nature and quantity of the substrate. For instance, in an experi- 
ment where the C™ was present in 0.001 mm of CO, and the calculated 
initial optical density of the culture was 0.0001, the organisms incorpo- 
rated 50 per cent of the isotopic tracer while metabolizing 0.333 mm of 
glucose. 

The over-all incorporation of CO, into the growing organisms having 
been measured, a further step involved the study of the major chemical 
components of the cell into which the tracer was incorporated. ‘The re- 
sults of three growth experiments are shown in Table III. | 

The so called lipide fraction was obtained by extraction of the bacterial 
solids with hot 80 per cent alcohol followed by repeated ether-alcohol 
treatment. This fraction may contain free amino acids, Krebs cycle in- 
termediates, phosphorylated carbohydrates, and a host of other com- 
pounds in addition to the lipides. It contained more than one radioactive 
component but was not examined in detail. The “nucleic acid” fraction 
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consisted principally of purines, pyrimidine nucleotides, and inorganic 
phosphorus. These were liberated by treating the bacterial solids with 5 
per cent trichloroacetic acid at 90° for 15 minutes according to the pro- 
cedure of Schneider (7). The residual solids which are termed “proteins” 
were hydrolyzed with 6 N HCl at 108° in a sealed tube for 15 hours.  Ali- 
quots of the three fractions were assayed for radioactivity. 


TABLE III 
Distribution of Cin E. coli 


Radioactivity in counts per second 


Experiment A. Experiment B | Experiment C 


Total radioactivity incorporated........... 2024 1940 2003 
2108 1960 | 2003 


The initial optical density of all cultures was 0.180. The final optical densities 
of Experiments A, B, and C were 0.336, 0.333, and 0.335, respectively. The total 
radioactivity in the medium was 10,000 c.p.s. 


TABLE IV 
Fractionation of Radioactive Protein Hydrolysates by Using Dowex 2 


Radioactivity in counts per second 


Experiment A | Experiment B | Experiment C 
Aspartic and glutamic acids................ | 455 | 416 | 423 


The original radioactivities present before fractionation of the hydrolysates in 
Experiments A, B, and C were 1261, 1142, and 1173 c.p.s., respectively. 


Inspection of Table III reveals an excellent balance. Under the con- 
ditions of our experiments 20 per cent of the original C™ was incorporated. 
The amount found in the lipide fraction was proportionally much higher 
for short growth periods. The radioactive nucleic acid fractions have 
been studied and the results will be presented elsewhere. 

The protein hydrolysates were further fractionated by chromatography’ 
on Dowex 2. This anion exchanger holds up aspartic and glutamic acids 
when in the chloride form. We have chosen to employ a bed 75 per cent 


1 The results of a detailed study of the chromatography of amino acids on Dowex i 
2 will be published elsewhere. 
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chloride and 25 per cent hydroxide, which holds up all amino acids except 
arginine. A column consisting of 2 ml. of resin in a 10 ml. burette gave 
useful separations of amino acids. A hydrochloric acid-free hydrolysate 
was placed on the column. Washing with 10 ml. of water completely 
eluted arginine but no other amino acid. Lysine was eluted with 6 ml. of 
0.02 m NaCl. Threonine and proline were eluted in that order with ad- 
ditional 0.02 m NaCl. Lysine was almost completely resolved while the 
other two amino acids were only partially separated. Aspartic and glu- 
tamic acids were ultimately eluted with 0.1 nN HCl. These separations 
were made in the course of an hour. The results are shown in Table IV. 
This partial separation of the amino acids gives a qualitative picture of 
the major components of the labeled amino acids. Aspartic and glutamic 
acids and arginine were the major labeled constituents. Examination of 
the crude fractions, however, showed that all were appreciably contami- 
nated either with breakdown products of protein hydrolysis or with pep- 
tides. For instance, only 85 per cent of the radioactivity of the arginine 
fraction could be precipitated by repeated flavianic acid treatments by 
using additional arginine carrier with each precipitation. On the other 
hand paper chromatograms of the crude material showed no impurity of 
amino acids and no major radioactive component other than arginine. 


Isolation of Amino Acids 


The various eluates were further fractionated usually by the procedure 
of Stein and Moore (8) on Dowex 50 or split into their respective com- 
ponents by paper chromatography. Crude arginine from the Dowex 2 
column has been purified in two ways: precipitation with flavianic acid 
and purification by paper chromatography. The two methods showed 
that 85 per cent of the radioactivity of the crude material was authentic 
arginine. In the experiment described herein arginine eluates from Dowex 
2 were neutralized, evaporated to dryness, and purified by paper chro- 
matography with phenol. The purity of the arginine subsequently eluted 
was confirmed by a paper chromatogram, with a butanol-acetic acid sol- 
vent. Aliquot portions of the material were assayed for total radio- 
activity. 

The C content of carboxyl carbon was determined by a modification 
of the method of Van Slyke et al. (9) in which CO, was liberated by nin- 
hydrin at pH 2.5, collected in NaOH, and precipitated as BaCO3. The 
amidine carbon of another aliquot fraction was removed by arginase pre- 
pared according to the method of Hunter and Downs (10). The resultant 
urea was treated with urease and the product carbon dioxide removed by 
addition of HCl and boiling. The gas was trapped in alkali and assayed 
as BaCO3. It was found that the amidine carbon possessed 35 per cent 
and the carboxyl carbon 29 per cent of the C™ content of the radioactive 


th 5 
pro- 
ins” 
Ali- 
nt C 
‘ities | 
otal 
nt 
| 
ted. 
her 
ave 
yhy' 
cids 
ent 
ywex 


170 CARBON DIOXIDE IN PROTEIN SYNTHESIS 


arginine. The residual C™“ was apparently present in the remaining car. 
bon chain. 

The crude dicarboxylic acid fractions contained a brown material of 
unknown composition, methionine, phenylalanine, tyrosine, and probably 
cysteic acid. The material was subjected to paper chromatography by 
using phenol in the presence of ammonia. In this solvent aspartic and 
glutamic acids had Ff, values of 0.20 and 0.35, respectively, while the con- 
taminating materials moved much farther on the paper. A _ radioauto- 
graph of the chromatogram permitted accurate determination of the loca- 
tion of the two amino acids, which were the major radioactive components. 
The appropriate regions were cut out of the chromatogram and eluted with 
0.1 Nn HCl. These two eluates contained 70 per cent of the original crude 
radioactivity, which was equally divided between aspartic and glutamic 
acids. The procedure of Van Slyke et al. (9) was employed to liberate the 
a-carboxyl carbon of glutamic acid and both carboxyl carbons of aspartic 
acid. The 6-carbon of aspartic acid was liberated by an aspartic decar- 
boxylase prepared by Meister, Sober, and Tice (11). Radioactivity was 
assayed as BaCQs3. 

Action of the ninhydrin reagent liberated essentially all the C™ from 
aspartic and glutamic acids. In the latter case the results proved that the 
a-carboxyl group of glutamic acid possessed the tracer isotope. In the 
case of aspartic acid, use of the decarboxylase showed that about 80 per 
cent of the C™ was present in the 6-carbon. 

The crude lysine fraction was relatively free of other amino acids. The 
principal contaminant was a small amount of threonine. Purification was 
carried out by paper chromatography by using a mixture containing bu- 
tanol, acetic acid, and water. In this mixture threonine and other con- 
taminants moved considerably farther than did lysine. Radioautographs 
of the chromatogram permitted isolation of the appropriate area of the 
paper. The purified lysine was eluted with 0.1 N HCl and 80 per cent of 
the original radioactivity was recovered. The carboxyl group was lib- 
erated with ninhydrin and assayed as BaCO;3. The carboxyl carbon was 
found to contain only 15 per cent of the total C™ in the lysine. 

The eluate of neutral amino acids from Dowex 2 contained radioactive 
threonine and proline in addition to many unlabeled neutral amino acids. 
The inorganic solid components were NaCl and NaOH. After adjust- 
ment to pH 6 with HCl, the eluate was dried in vacuo and amino acids 
extracted with butyl] alcohol, leaving behind much of the solid NaCl. The 
alcohol was in turn evaporated in vacuo and the solids subjected to paper 
chromatography by using a mixture of butanol, acetic acid, and water as 
the solvent. This procedure gave complete resolution of the radioactive 
components. A radioautograph of the paper chromatogram facilitated | 
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accurate localization of the radioactive spots. These were cut out and 
individually eluted with 0.1 Nn HCl. Under the combined conditions of 
resin and paper chromatography, the only possible contaminant of proline 
was alanine. The proline was freed of this substance by paper chromatog- 
raphy with phenol. One-fourth of the radioactivity of the neutral frac- 
tion was found in the resultant purified proline. The carboxyl group was 
removed with ninhydrin and assayed as BaCO;. More than half of the 
tracer isotope was thus shown to be present in this carbon. 

The crude threonine fraction eluted from the paper chromatogram con- 
tained hydroxyproline and a small amount of glycine. 

The eluate was subjected to chromatography on Dowex 50 with 1.5 N 
HCl according to the procedure of Stein and Moore (8). Threonine, hy- 
droxyproline, and glycine were eluted in that order and completely re- 
solved. The purified threonine possessed 30 per cent of the radioactivity 
of the neutral fraction. The carboxyl group was found to contain 20 per 
cent of the C* of the threonine molecule. 

In the paper chromatogram additional radioactivity occupied a region 
in which valine, leucine, and isoleucine and other relatively non-polar 
amino acids were also found. An eluate from the paper contained one- 
fourth of the radioactivity of the original neutral fraction. It has not 
been further identified. 


DISCUSSION 


E. coli grown in the presence of glucose as an energy source oxidizes 
about half of the sugar to CO, directly utilizing the remainder as a carbon 
source. Our tracer experiments show that exogenous CO, is used in nu- 
merous ways as a building block in synthesis. Much more CO; is released 
in the oxidation of glucose than is used in synthesis. 

The observations of CO, incorporation into aspartic and glutamic acids 
and into arginine have close parallels in mammalian studies. In work 
with liver, Delluva and Wilson (4) showed incorporation of isotopic tracer 
derived from NaHC#O; into these three amino acids. They observed 
that labeled carbon could be released from the two dicarboxylic acids by 
ninhydrin. The amidine carbon of arginine was proved to be isotopically 
labeled. Anfinsen et al. (5) have studied incorporation into liver slices 
of C“ derived from NaHC"“O;. They have accounted for most of the 
fixed C“ in aspartic and glutamic acids and arginine. 

Thus our findings with respect to these three amino acids are parallel to 
the work of others on liver in the following respects: The major portion of 
C fixed in protein is found in aspartic and glutamic acids and arginine. 
In so far as the positions of C™ in the respective compounds may be com- 
pared, they are identical. 
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Additional evidence for the validity of the identifications of the amino 
acids has been obtained through experiments in which the basal media 
were supplemented in turn by non-radioactive proline, threonine, lysine, 
and arginine. The presence of these supplements suppressed synthesis 
of the corresponding labeled amino acids. These experiments are de. 
scribed in detail elsewhere and possible synthetic pathways of these six 
C'*_labeled amino acids are discussed. 


SUMMARY 


Escherichia colt incorporates exogenous CO, during synthesis. 

For each mole of glucose metabolized, 0.21 mole of labeled COz is fixed 
by the organisms, principally in nucleic acids and proteins. 

Examination of protein hydrolysates showed that aspartic and glutamic 
acids, arginine, lysine, proline, and threonine contained labeled carbon! 
and that these accounted for virtually all of the C™ incorporation into 


proteins. 
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UTILIZATION OF CARBON DIOXIDE IN THE SYNTHESIS 
OF PROTEINS BY ESCHERICHIA COLI. II 


By PHILIP H. ABELSON, ELLIS T. BOLTON, anp ELAINE ALDOUS 


(From the Department of Terrestrial Magnetism, Carnegie Institution of 
Washington, Washington, D. C.) 


(Received for publication, December 26, 1951) 


The question of the mechanisms involved in protein synthesis is one of 
the most important problems in biology. One facet that has recently 
become amenable to experimental approach is the process of synthesis or 
accumulation of constituent amino acids. In an earlier paper (1) we have 
reported the utilization of CO, in protein synthesis by Escherichia coli 
and the identification of labeled aspartic and glutamic acids, arginine, 
lysine, proline, and threonine. Isotopic carbon was found in the amidine 
and carboxyl carbons of arginine, a-carboxyl carbon of glutamic acid, and 
in the 6-carbon of aspartic acid. In the present paper additional informa- 
tion concerning the biochemical pathways involved in the synthesis of 
these six amino acids is presented. In experiments described below, the 
basal media possessing glucose as the sole energy source, and glucose and 
labeled carbon dioxide as the carbon sources, were supplemented with the 
six above amino acids and other additives. Thus the bacteria were pre- 
sented with a choice between synthesis of their requirements for aspartic 
and glutamic acids, arginine, lysine, proline, or threonine and utilization 
of the preformed amino acids. The effect of some possible intermediate 
compounds in synthesis of these amino acids was similarly examined. The 
C* content of the proteins was found to vary with the concentration and 
species of the additive employed. The results of these experiments have 
given new information on the relationships among the pathways of amino 
acid synthesis. 


Methods 


Cells of FE. coli strain B in the logarithmic phase were harvested and re- 
suspended in an inorganic medium (1). Eight to twelve identical 150 
ml. aliquots of the culture were placed in separate 500 ml. plastic bottles 
together with the appropriate supplements, 60 mg. of glucose, and some 
NaHC'O;. The containers were quickly stoppered and shaken at 37° 
until the glucose was metabolized (1 hour). Chemical fractionations, 
protein hydrolysis, separation of amino acids, and radioactive assays were 
carried out in parallel in a manner previously described (1). 
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Effects of Supplemental Amino Acids 


When the basal media were supplemented by amino acids, increases in 
total growth were observed. These were comparatively minor in char. 
acter; a mixture of amino acids derived from a casein digest gave the larg. 
est enhancement. Simultaneously, the incorporation of CO: was altered 
as shown in Table I. The radioactivity of both the lipide fractions and 
the protein hydrolysates were especially influenced by the presence of 
amino acid supplements while the nucleic acid fractions were only slightly 
altered. 

The protein hydrolysates were separated into four fractions by chro- 


TABLE I 
Influence of Amino Acid Supplements on C'4O, Uptake 


Radioactivity, c.p.s. 

Final bacterial 
— optical density Total Lipides Nucleic Protein 

acids hydrolysate 
Control (no supplement)...... | 0.333 2024 115 732 1261 
0.338 1703 115 715 902 
Aspartic acid................. 0.341 1245 48 660 496 
0.343 1433 46 760 567 
0.328 1685 115 650 960 
0.340 1983 130 725 1150 
Casein digest................. 0.350 1135 41 854 228 


The initial bacterial optical density was 0.180 in all cases. The concentrations 
of amino acid supplements were arginine, aspartic acid, glutamic acid, and casein 
digest, 2 mg. per ml. of medium; proline, threonine, and lysine, 0.1 mg. per ml. of 
medium. 


matography on Dowex 2 (1). The comparative radioactivities of the 
resulting fractions are shown in Table II. 

Several points concerning Tables I and II are noteworthy. It is ap- 
parent that aspartic and glutamic acids are most effective in suppressing 
incorporation of C“O.. The amino acid supplements have little effect on 
incorporation of C into nucleic acids. There is a relatively complete 
suppression of the synthesis of tracer-labeled arginine by supplemental 
non-radioactive arginine. Another typical feature is the lack of influence 
of supplemental arginine on the incorporation of C™ into other amino acids 
of the hydrolysates. A similar effect is to be noted in the case of lysine. 
The presence of lysine in the medium suppressed completely the synthesis 


of labeled lysine but did not affect appreciably the C™ content of other | 


amino acids. 


The effects of supplemental amino acids on the production of each of the ‘ 


‘ 
174 


P. H. ABELSON, E. T. BOLTON, AND E. ALDOUS 175 


labeled amino acids were next investigated. The crude amino acid frac- 
tions were subjected to paper chromatography as previously described and 
radioautographs were made of the resulting chromatograms. Experi- 
ments involving eight to twelve amino acid supplement conditions were 
carried out in parallel. Thus the comparative effects of the various sup- 
plements could be surveyed by inspecting the exposure density of the 
various radioautographs. For quantitative comparison the appropriate 
radioactive regions were cut out, eluted, and the eluate assayed. A sum- 
mary of the results is shown in Table III. A considerable number of the 
supplemental amino acids were without appreciable effect on C“O, uptake. 


TABLE II 

Influence of Amino Acid Supplements on CO, Incorporation into Protein Hydrolysate 
Fractions 
Radioactivity, c.p.s. 
Supplement N As 

Hy Arginine Lysine amino and elu 
Control (no supplement)......... 946 2588 64 = 205 377 
425 155 25 | 73 122 
780 250 60 | 95 330 
270 0 198 380 


The concentrations of amino acid supplements were arginine, aspartic acid, glu- 
tamic acid, and casein digest, 2 mg. per ml. of medium; proline, threonine, and lysine, 
0.1 mg. per ml. of medium. 


Other supplements had only limited effects. Thus arginine, citrulline, 
and ornithine affected only the synthesis of labeled arginine. A lysine 
supplement only affected the synthesis of lysine. Threonine and homo- 
serine were effective only in suppressing the synthesis of labeled threonine. 
Proline and hydroxyproline suppressed synthesis of labeled proline. As- 
partic acid was effective in partially suppressing synthesis of labeled as- 
partic acid, lysine, and threonine, but not so effective in the case of proline, 
glutamic acid, and arginine. Supplemental glutamic acid was quite effec- 
tive in suppressing synthesis of labeled glutamic acid, proline, and lysine, 
and less effective in the case of arginine, threonine, and aspartic acid. 
The supplemental aspartic and glutamic acids were examined as to purity 
by paper chromatography. No trace of impurity could be observed. 
A complicating feature in the study of effects of aspartic and glutamic 
acid supplements was the disappearance from the media of these two sub- 
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stances in the presence of growing £. coli cells. Under our experimental 
conditions 30 mg. of glutamic acid disappeared from the medium during 
the hour period in which the organisms metabolized 60 mg. of glucose, 
A test of the medium with 2,4-dinitrophenylhydrazine showed that not 
more than 1 mg. of a-ketoglutaric acid was present after growth. 

A study of the effect of supplemental a-ketoglutaric acid on COs fixa- 
tion was made. When glucose-adapted organisms were grown for 1 hour 
in the presence of 60 mg. of glucose plus 60 mg. of a-ketoglutaric acid, no 
difference in growth and less than a 5 per cent difference in COs were 


TABLE III 
Synthesis of C'*-Labeled Amino Acids in Presence of Supplements to Basal Media 


Per cent suppression of formation of radioactive 
amino acids 


| | Taine” | Proline Ag tami 

0.1 0; 9 O 0 0 
| 2 | 0 90 0 0 
Aspartic acid................ | 2 | 85; 70; 90 | 5 | 6 | % 
| 35} 70) 30 9 | 60 | 
cal 0.2 100 0 0 0) 
| 0.2 65 | 0 0 0 0 
Homoserine.................. | 0.1 0 0 90 0 0 0 
Hydroxyproline.............. | 2 0 0 0 90 0 0 
Casein digest................ | 2 100 _ 100 | 90 90 60 90 


Amino acid supplements of 0.1 mg. per ml. of glycine, alanine, a-aminobutyric 
acid, valine, leucine, isoleucine, serine, methionine, histidine, phenylalanine, and 
tryptophan did not affect synthesis of labeled arginine, lysine, threonine, proline, 
aspartic, and glutamic acids. 


observed between these organisms and those grown on glucose alone. The 
incorporation of CO, into glutamic acid was 10 per cent less than the 
controls. 


DISCUSSION 


The data presented lead to some generalizations: Our cells use pre- 
formed amino acids in preference to synthesizing them. The over-all 
synthetic reactions in these cells involving chemical reduction tend to be 
irreversible. Thus, while glutamic acid supplement suppressed the for- 
mation of labeled lysine and arginine, these substances had no effect on the 
synthesis of labeled glutamic acid. There is no effect on C' incorporation 
by a large number of amino acids. The absence of tracer isotope in most 
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of the amino acids proves that these substances are formed by processes 
not involving CO, fixation. The effectiveness of aspartic or glutamic acids 
in suppressing synthesis of labeled arginine, lysine, proline, and threonine 
points to the two dicarboxylic acids as possible key intermediate com- 
pounds in the synthesis of these substances. 

Synthesis of proline appears to proceed by a process involving glutamic 
acid, as shown in Penicillium by Bonner (2). The liberation of labeled 
CO. from a position in proline, corresponding to the a-carboxyl carbon of 
glutamic acid and the nearly complete suppression of synthesis of labeled 
proline in the presence of excess glutamic acid, shows that the carboxyl 
carbon of proline can be derived from glutamic acid. 

Synthesis of threonine may involve reduction of aspartic acid. The 
observation that homoserine suppresses synthesis of labeled threonine 
points to this amino acid as a possible intermediate compound. Studies 
with Neurospora by Teas et al. (3) have established that homoserine can 
be converted into threonine. Only a minor fraction of the labeled car- 
bon of threonine was found in the carboxyl carbon. This corresponds to 
the observations made on aspartic acid and is in agreement with the sug- 
gested synthesis of threonine by reduction. 

Synthesis of arginine by a process involving ornithine and citrulline was 
originally suggested by Krebs and Henseleit (4), and Srb and Horowitz (5) 
have demonstrated the existence of this cycle in Neurospora. In our ex- 
periments complete suppression of synthesis of labeled arginine occurred 
in the presence of citrulline. Therefore, the intact EF. coli cell possesses 
the capacity for converting exogenous citrulline to arginine. Supple- 
mental ornithine partially suppressed the incorporation of C" into argi- 
nine. The amidine carbon of arginine synthesized in the presence of sup- 
plemental ornithine contained tracer isotope, as might well be expected. 
Observations on the synthesis of arginine in the presence of aspartic and 
glutamic acids showed that the specific activity of the amidine carbon was 
not affected by these supplements. The amidine carbon is derived by a 
mode of CO, fixation which is independent of that involved in the syn- 
thesis of aspartic and glutamic acids. An important observation is the 
comparatively small effect of glutamic acid in suppressing labeling of 
aspartic acid and threonine in contrast to its large influence on the forma- 
tion of radioactive glutamic acid and proline. This, coupled with the 
observation of a larger effect of aspartic acid in suppressing labeling of 
aspartic acid and threonine with a comparatively smaller réle in suppress- 
ing synthesis of radioactive glutamic acid and proline, points to separate 
pathways for the formation of the two amino acids which are, however, 
partially coupled. 

The technique of studying biochemical pathways by supplementing the 
medium with possible metabolic intermediates has been used successfully 
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in this laboratory by Roberts and Roberts (6) and Cowie, Bolton, and 
Sands (7). The method seems destined to have wide application in meta- 
bolic studies. 

Since E. coli is known to be capable of adaptation to new environments, 
this factor must be examined. The results presented above were obtained 
by employing organisms adapted to the use of glucose as a sole energy 
source. Supplements of pyruvic, succinic, and a-ketoglutaric acids to the 
medium gave no enhanced growth during a 1 hour incubation period al- 
though after 24 hours additional growth was noted. Similarly, aspartic 
and glutamic acid supplements gave rise to little enhanced growth even 
after several hours. It is therefore felt that the results presented here are 
characteristic of glucose-utilizing organisms. 


SUMMARY 


1. When a basal synthetic medium was supplemented by a mixture of 
amino acids such as a casein digest, the fixation of CO, into proteins of 
Escherichia coli was markedly reduced.! 

2. When the basal medium was supplemented in turn by arginine, ly- 
sine, proline, or threonine, the radioactivity of the corresponding amino 
acids in the proteins was strikingly reduced. The effects were limited, 
however, to the corresponding amino acids, e.g., the presence of arginine 
in the medium affected the incorporation of CO: into arginine but did not 
influence the labeling of any other component. 

3. Addition of aspartic or glutamic acid to the medium suppressed in 
varying degrees incorporation of C™“O, into aspartic and glutamic acid, 
arginine, lysine, proline, and threonine. 

4. The presence of glycine, alanine, a-aminobutyric acid, valine, leucine, 
isoleucine, serine, methionine, histidine, phenylalanine, or tryptophan in 
the medium had no effect on incorporation of CO, into the six amino 
acids known to be labeled. 

5. The technique of supplementing media with various possible meta- 
bolic intermediates gives promise of being a valuable tool in studies of 
biochemical pathways of organisms. 
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The incorporation of carbon dioxide carbon into the purine ring system 
(1) is known to occur widely among living systems. Carbon dioxide is 
also utilized for pyrimidine synthesis in the rat (2). Radioactive adenine, 
guanine, and thymine have been isolated from Escherichia coli grown on 
media containing NaHCO; (3). In these bacteria, as in yeast, birds, 
and mammals (4), guanine is labeled at carbon-6 (5). It is evident from 
these studies and others (6) that the synthesis of the nucleic acids from 
relatively simple carbon compounds is a general biochemical process. 
However, the utilization of exogenous purines or pyrimidines varies greatly 
among species (6) and the biochemical pathways of nucleic acid synthesis 
remain ill defined. 

Investigations of the utilization of carbon dioxide by EF. coli growing in a 
simple synthetic medium containing glucose have shown that approxi- 
mately 30 per cent of the radioactive carbon of the CO, taken up by the 
cell is found in the nucleic acid fraction, while the remainder of the radio- 
activity is in the protein and alcohol-ether-soluble fractions (7). The 
radioactive nucleic acid fraction of these previously reported experiments 
has been further studied. Purine bases and pyrimidine nucleotides have 
been separated by paper chromatography and the C™ content of each 
determined. The presence of purine or pyrimidine bases in the culture 
medium during growth suppresses the incorporation of carbon dioxide 
in the nucleic acids, the effect of the exogenous purines being independent 
of the effect of the pyrimidines. In contrast the utilization of radioactive 
carbon dioxide for nucleic acid synthesis is not significantly influenced by 
the presence of amino acids in the culture medium. 


Methods 

E. coli strain B actively growing in the logarithmic phase was employed! 
to study the uptake of C“O2. The culture medium used and the tech- 
nique of labeling these cells with CO, have been previously described in 
detail (7). After 1 hour’s incubation in the radioactive culture medium, 

'The C used in these experiments was obtained from the Atomic Energy Com- 
mission, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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the cells were harvested and washed, extracted with alcohol-ether, and 
finally treated with hot trichloroacetic acid (TCA) to make soluble the 
nucleic acids (8). The TCA extract was acidified with 1 N HCl and held 
at 100° for 1 hour to hydrolyze the purine nucleotides (9). The hydroly. 
sate was concentrated in vacuo and an aliquot sample taken for chromato. 
graphic examination. Radioactivity was determined on another aliquot 
by counting “infinitely thin” samples under standard conditions (7). 

Chromatographic separation of the purine bases and pyrimidine nucleo- 
tides has been carried out on paper with 70 per cent tert-butyl alcohol in 
0.8 n HCl (10). The radioactive, ultraviolet-absorbing components of 
the hydrolysates are resolved in one dimension in this solvent, although a 
component found in a thymidylic acid preparation may coincide with 
uridylic acid (9). The bases and nucleotides were located on the chromat- 
ograms with a Mineralight lamp,’ cut out and eluted in a known volume 
of 0.01 n HCl. Absorption spectra of the eluates were measured with a 
Beckman model DU spectrophotometer against blanks taken from regions 
on the chromatograms adjacent to the ultraviolet-absorbing components. 
The spectra determined in this way agree with those of Heyroth and Loof- 
bourow (11) for adenine and guanine and those of Ploeser and Loring (12) 
for cytidylic and uridylic acids. The extinction coefficient of the blank 
for a 1 cm. light path rarely exceeded 0.03 in the range 240 to 300 my, 
while the amount of base or nucleotide eluted from the paper yielded 
values of 0.6 to 1.0 in most experiments. Aliquots of the eluted com- 
ponents were also measured for radioactivity. Specific radioactivity was 
computed from the measured extinction coefficient, radioactivity, and 
appropriate molecular extinction coefficient (11, 12) at the wave-length of 
maximal absorption for each component. 

Possible contamination of uridylic acid with a disintegration product 
of thymidylic acid has been ignored in the calculations of specific activity, 
since (a) desoxypentose nucleic acid (DNA) amounts to approximately 
one-fourth the total nucleic acid content of these cells (13), (b) the ab- 
sorption spectrum of uridylic acid appears to be reasonably pure, and (c) 
the thymidylic acid content of the hot TCA extract is approximately equal 
to that determined on the DNA fraction of the Schmidt-Thannhauser 
(14) procedure. 

Desoxycytidylic acid separates from the other nucleotides, lying be- 
tween cytidylic and uridylic acids on the chromatograms (Ry = 0.60) run 
with the acid-tert-butyl alcohol solvent. However, the small quantities 
of desoxycytidylic and thymidylic acids in the nucleic acid hydrolysates 
employed have precluded the quantitative study of these nucleotides ex- 
cept in a preliminary way. Data for these nucleotides with respect to 
CQO, assimilation are therefore not included in the present report. 


2 Ultra-Violet Products, Inc., South Pasadena, California. 
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Results 


The relative effectiveness of extraction procedures for nucleic acids or 
their components, as well as the suitability of analytical procedures for 
their analysis, varies among the tissues of higher animals and plants and 
from species to species among microorgansims. The suitability of the 
methods employed in the present studies on FE. colt has been demonstrated 
by a number of criteria. 

Table I compares the R,r values in HCl-tert-butyl alcohol and ratios of 
extinction coefficients of the purine bases and pyrimidine ribonucleotides 


TABLE I 
Chromatographic and Spectral Characteristics 
Rr Ultraviolet extinction ratio 
Component 
Found ~— Found* Reported 
Guanine 262 74 + 0.04 0.69 (15) 
E448 
—— = 1.43 + 0.17 1.38 (15) 
Cytidylic acid............., 0.46 0.48 E 
= 1.59 + 0.03 | 1-63 (9) 
| +002 | 9-460) 
| E262 


The figures in parentheses represent bibliographic references. 
* Mean and standard deviation (thirteen determinations). 


separated from the nucleic acid hydrolysates of FE. colt with corresponding 
data previously reported. Adenine and guanine are derived from both 
PNA and DNA in the procedure employed. The molar ratio guanine to 
adenine was found to be 1.26 (the mean of six determinations) while Mar- 
shak (16) has reported 1.27 for this strain analyzed by perchloric acid 
digestion and paper chromatography. The cytidylic to uridylic ratio was 
1.01 + 0.09 (thirty determinations). These comparisons indicate that 
the chemical procedures employed are effective with this species and that 


>The relative proportions of the purines or the pyrimidine nucleotides isolated 
do not differ beyond experimental error in growing and resting cultures, although 
the total quantity of nucleic acid changes sharply (13, 17), nor do they differ for 
twenty-seven different culture conditions studied (cells in the logarithmic phase). 
The latter include three cultures in which the cells were adapted to pyruvate, suc- 
cinate, or succinate and glutamate as the primary carbon and energy source. 
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the products isolated are reasonably pure when judged by their absorption 
spectra. The somewhat simpler perchloric acid extraction method (18) 
which has proved useful for EF. coli (19) was not suitable for the present 
investigations since relatively large quantities of amino acids are liberated 
with the labeled nucleic acid bases. 

Labeling of the nucleic acids of EL. coli with P*? has demonstrated that 
the hydrolytic procedure results in free purine bases and intact pyrimidine 
nucleotides as Weed and Wilson (9) have found in rat liver. Cells were 
grown from a light inoculum in a medium containing radioactive phos. 
phorus. The nucleic acids were extracted with hot TCA, hydrolyzed, and 
the hydrolysate chromatographed. Radiophosphorus was found in three 
regions on the chromatograms by means of radioautographs. These re- 
gions corresponded to cytidylic and uridylic acids and to inorganic phos- 
phate, the latter moving with the solvent front. The radioactive regions, 
as well as adenine and guanine located by ultraviolet absorption, were 
eluted. Aliquots of the eluates were measured for radioactivity and ultra- 
violet absorption. It was found that the specific activities for cytidylic 
and uridylic acids were 670 and 650 c.p.s. per um of nucleotide for cells 
grown in radiophosphate at a level of 670 c.p.s. per um. It is evident that 
the pyrimidine components are actually nucleotides while the purine com- 
pounds have been freed of phosphate during hydrolysis. 

Effect of Altered Culture Conditions on C%O, Assimilation—Table II sun- 
marizes the results of experiments on the incorporation of C™Qz in the 
purine and pyrimidine bases when various supplementations have been 
made to the basal culture medium. The amino acids added singly or in 
combination have little, if any, effect upon the fixation of labeled carbon 
in the compounds isolated. Where a mixture of guanine, adenine, thy- 
mine, and uracil has been added, C™ incorporation in the purine fractions 
is suppressed to approximately 10 per cent of the control value while only 
a 60 per cent suppression occurs in the pyrimidine fractions. This result 
demonstrates that CO, assimilation in the nucleic acids of the bacterial 
cells is essentially independent of the amino acid constitution of the cellu- 
lar environment but is strongly dependent upon the presence of purines 
and pyrimidines. 

The suppression of CQO, fixation by exogenous purines and pyrimidines 
has been further explored. Cells were cultured and analyzed as before, 
various bases being employed singly or in combination as supplements to 
the basal medium. The effects of these supplementations upon the quan- 
tity of CO, fixed are shown in Table III. These data illustrate a num- 
ber of facts. Exogenous adenine is effective in suppressing the synthesis of 


both guanine and adenine from simpler metabolites without affecting the : 


pyrimidines. Addition of both adenine and guanine to the medium has 


no greater effect than addition of adenine alone. These data parallel the 


& 
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TaB_eE II 
Effect of Amino Acids on CO: Fixation in Nucleic Acid 


Specific activity* 


Experiment No. | Additive | 
Guanine | Adenine | a | — 

1 _ None (control) 31 | 35 40 41 

2 Argininef 37 41 48 

3 _ Aspartic acidf 38 29 34 40 

4 Glutamic ‘ f 37 35 40 36 

5 + 

arginine 35 33 38 

6 Mixture§ 38 38 44 44 

7 Casein digest|| 30 37 33 33 
35 + 3 35 + 4 0+ 5 3843 

8 | Bases J 2 4 16 | 14 


*In counts per second per micromole. 

t Added at level of 2 mg. per ml. of medium. 

t1 mg. per ml. each. 

§ The mixture contained glycine, alanine, a-aminobutyric acid, valine, leucine 
isoleucine, methionine, serine, threonine, histidine, lysine, tryptophan, and phenyl- 
alanine at a level of 0.1 mg. per ml. each. 

|| 2 mg. per ml. 

q The four bases, guanine, adenine, thymine, and uracil, added at a level of 0.02 
mg. per ml. each. 


III 
Effect of Exogenous Purines and Pyrimidines on C40; Fization in Nucleic Acid 


Specific activity* 


Experiment No. Additivet 
| Guanine | Adenine | 
None (control) 30 29 50 | 40 
2 Adenine 3 3 39 
3 Uracil 35 33 5 | 7 
4 Adenine, guaninet 3 4 4 CU] 
5 Uracil, thyminet 27 32 7 | 9 
6 Adenine, guanine, 2 2 uw | 
uracil 
7 Adenine, uracil, 2 3 14 13 
thymine 
8 Adenine, guanine, 2 2 £218 14 
thymine, uracil | 


* In counts per second per micromole. 

t Added at a level of 0.02 mg. per ml. of each component. 

{ The samples of guanine and thymine available contained small amounts of 
adenine and uracil, respectively. Consequently, they were not used alone. 
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observation, based on feeding of radioactive purines, that adenine and 
guanine are interconvertible in FE. colz (5). Analogous observations may 
be made for the case of the pyrimidines. Where combinations of purines 
and pyrimidines supplement the basal medium, the C™ content of all the 
isolated components is lowered, but to a greater degree in the purines than 
in the pyrimidines. These findings demonstrate that, with respect to 
earbon dioxide incorporation, the preformed bases are preferentially uti- 
lized in the synthesis of nucleic acid by rapidly growing £. colt. 


DISCUSSION 


The experiments described above were undertaken to study the distri- 
bution of radioactive carbon among the components of the “hot trichloro- 
acetic acid-soluble” fraction of coli grown in various C-labeled bicar- 
bonate media. The experimental findings of special significance are as 
follows: (a) In the basal or amino acid-enriched media, all the purine and 
pyrimidine components of the nucleic acids become labeled, and (b) those 
quantitatively studied (guanine, adenine, uridylic and cytidylic acids) 
have similar (+10 per cent) specific radioactivities. (c) In purine- or 
pyrimidine-enriched media the bacterial adenine and guanine, or uridylic 
and cytidylic acids, respectively, have decreased C™“ contents. (d) The 
effect of exogenous purine is independent of the effect of exogenous 
pyrimidine. 

Polynucleotide purine and pyrimidine of /. coli are synthesized in part 
from carbon dioxide. This metabolite contributes to carbon-6 of guanine 
(5). The process of carbon dioxide incorporation into the purines is sepa- 
rate from that for the pyrimidines, since exogenous purine and pyrimidine 
have specific, independent, and quantitatively different effects upon car- 
bon dioxide fixation (Table III). The process of fixation may also be 
reasonably direct, as Sonne et al. (20) have suggested, since none of the 
amino acids tested (Table II), some of which are known to influence car- 
bon dioxide fixation in proteins (7) or enter into carbohydrate metabolism, 
have a demonstrable effect upon carbon dioxide incorporation in nucleic 
acid. 

While the general pattern found in other organisms for carbon dioxide 
incorporation into nucleic acid appears applicable to F. coli, these bacteria 
differ from rats and mice in that adenine and guanine are utilized and are 
interconverted. Uracil is also utilized and is converted to cytosine (Table 
III), while the rat (6) cannot use the free base but requires a pyrimidine 
riboside. 

The utilization of carbon dioxide in the synthesis of proteins and nuclei 
acid proceeds by a number of different reactions (21). Although these 
reactions have been discovered through use of many kinds of organisms, 
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comparative biochemical studies imply that they take place together in 
any particular organism. The two previous reports (7, 22) on COs utili- 
gation by EF. coli and the present paper show that such is in fact the case. 
Thus, FL. coli utilizes carbon dioxide by assimilation through at least five 
distinct processes (cf. (21)); namely, those giving rise to (1) the purines, 
(2) the pyrimidines, (3) aspartic and (4) glutamic acids, and (5) the ami- 
dine carbon of arginine. , 


SUMMARY 


1. Purine and pyrimidine nucleotides of Escherichia coli become radio- 
active after growth of cells in C-labeled bicarbonate media. 

2. Addition of purines or pyrimidines to the culture medium suppresses 
incorporation of C in the corresponding components of the poly- 
nucleotides. 

3. Amino acid supplementation does not affect the incorporation of 
C#O, into nucleic acid. 
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THE METABOLISM OF UNIFORMLY LABELED 
p-GLUCURONIC ACID-C* IN THE 
GUINEA PIG* 


By J. F. DOUGLAS anp C. G. KING 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, February 25, 1952) 


Glucuronic acid, a constituent of many different polysaccharides in 
plants, bacteria, and animals, is also thought to serve commonly as a pro- 
tective agent, usually in the form of simple glycosides. Very little is 
known, however, regarding the precursors of the acid or the mechanism 
of its synthesis (1, 2). 

Studies of the metabolic fate of preformed glucuronic acid have been 
reported, with varied interpretations (3-9). A major difficulty has been 
that end-products could not be identified quantitatively, nor was it pos- 
sible to differentiate between preformed and endogenous forms of the acid. 
Enklewitz and Lasker (10) observed that glucuronic acid increased the 
output of L-xyloketose in pentosurics, and Flaschentrager, Cagianut, and 
Meier (11) reported that excretion of 2 ,5-furandicarboxylic acid in rabbits 
and dogs was increased by feeding glucuronic acid. 

Many precursors of urinary glucuronic acid have been suggested. 
Among these are glycogen (12, 13), mucin (14), and glycogenic amino acids 
(15). Free glucuronic acid was reported to have little conjugating ac- 
tivity, but dihydroxyacetone, pyruvate, and lactate appeared to increase 
the production of glucuronides in liver slices (16). Recently radioactive 
glucuronides have been isolated from the urine of animals given glucose-C™ 
(2), lactic acid-C™ (17), and glycerol-C™ (18). A study of the utilization 
of exogenous glucuronic acid and related precursors in the rat has been 
reported by Packham and Butler (19). They recorded, after injection of 
the sodium salt, a higher yield of conjugate with naphthol and a lower 
rate of respiratory loss of C™ than we have observed. 

The metabolic fate of uniformly labeled p-glucuronic acid-C™ in normal 
and in borneol-fed guinea pigs was studied in the present investigation. 
Approximately one-fourth of the C™ given was recovered in respiratory 
carbon dioxide within 3 hours, and almost one-half appeared in the urine 
within 24 hours; only very small amounts remained in specific tissues. 
From the 24 hour urine of borneol-fed guinea pigs, 2.8 to 6.8 per cent of 
the dose could be identified as borny] glucuronide. 

*This investigation was supported by grants from the Nutrition Foundation, 


Inc., and the Division of Research Grants, National Institutes of Health, United 
States Public Health Service. 
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EXPERIMENTAL 


Experimental Animals—Male guinea pigs purchased from Carworth 
Farms, Inc., 2 to 3 months old and weighing 260 to 390 gm., were used, 
The animals were furnished Rockland Farms guinea pig diet and water, 
ad libitum, prior to and during the experiments. 

Glucurone uniformly labeled with C", dissolved in distilled water, was 
injected intraperitoneally. The lactone is readily interchangeable with 
the free acid in aqueous solution. 20 minutes prior to injection of Guinea 
Pigs F-3 and F-4, 200 mg. of pi-borneol were given orally as a homogenate 
in 2.0 ml. of evaporated milk. Immediately after administration of the 
lactone the animals were placed in a metabolism train, described by Mac- 
kenzie et al. (20) and modified by Jackel et al. (21), where the respiratory 
earbon dioxide was collected periodically in 2.5 N sodium hydroxide. At 
the end of experimental periods, the guinea pigs were sacrificed by de- 
capitation after being stunned by a blow at the base of the skull. 

Glycogen was isolated immediately from one-half the liver by a com- 
bination of the methods of Stetten and Boxer (22) and Good et al. (23), 
and the remaining tissues were weighed and stored in the deep freeze at 
— 15° prior to radioactive assay. 

Preparation of Samples for Measurement of Radvioactivity—The tech- 
niques, apparatus, and precision of C't assays were the same as those de- 
scribed in an earlier paper (24), except that toluene was used as a preserva- 
tive during the collection of urine. 

Measurement and Decarboxylation of Glucuronic Acid; Isolation of Zine 
Bornyl Glucuronidate—The methods employed for measurement, isolation, 
and decarboxylation of glucuronic acid have been published (2).  Borny! 
glucuronide was obtained from the urine of borneol-fed guinea pigs as the 
zinc salt (ZBG) and its chemical identity was established by elementary 
analysis and by the Dische colorimetric test. 


Calculated. C 50.59, H 7.16, Zn 8.56 
Found. 50.39, 7.50, 8.42 


The radioactive purity of the ZBG was verified by four tests. The 
barium salt of the p-bromophenylosazone of glucuronic acid was prepared 
from ZBG obtained from Guinea Pig F-3. The specific activity of the 
osazone was in agreement with the theoretical value calculated from the 
initial zine salt. The barium salt was prepared as follows: A solution of 
ZBG in 0.2 ~ sulfurie acid was refluxed 2 hours to hydrolyze the glycosidic 
linkage. The hydrolysate was then neutralized with a saturated solution 
of barium hydroxide and filtered. After acidifying the filtrate with acetic 


ay 
> 


é 


ak 
2 


J. F. DOUGLAS AND C. G. KING 189 


acid, the osazone was prepared by the method of Goldschmiedt and Zerner 
(25). The identity of the compound was verified by elemental analysis. 


Cyslls4NsBrsO;oBa. Calculated. C 36.14, H 2.85, N 9.37, Ba 11.50 
Found. 96.26, “ 2.71, 9.37, * 11.81 


The radioactive osazone melted at 212—214° with decomposition; the mixed 
melting point of this osazone with a sample prepared from pure glucurone 
was 212—-215° with decomposition. A value of 215-217° is reported in 
the literature (25). Several recrystallizations of the ZBG, by the pro- 
cedure of Mosbach and King (2), did not change the specific activity. 
Successive values, in counts per minute per mg., were 57.2, 58.5, and 58.4. 

To find out whether the relatively high specific activity of the ZBG 
might have resulted from contamination by radioglucurone or other radio- 
active products, inactive bornyl glucuronide was added to the urine of a 
normal animal that had received 5 mg. (10° ¢.p.m.) of C'*-glucuronie acid, 
but no borneol. The carrier bornyl glucuronide was then isolated as 
ZBG and found to be inactive. In a fourth test, labeled glucurone (3 X 
10‘ ¢.p.m.) was added to the urine of a borneol-fed guinea pig, after which 
ZBG was isolated and found to be inactive. 

Preparation of Radioactive Compounds—Uniformly labeled glucurone 
was made available by courtesy of Professor W. Z. Hassid, University of 
California, and Dr. A. L. Elder, Corn Products Refining Company. Its 
specific activity, as barium carbonate, was 1.93 X 10° ¢.p.m. per mg. 

Glucuronic acid in the urine of animals fed labeled glucurone was con- 
verted to potassium acid saccharate, to establish its identity. After ad- 
dition of 1 to 4 gm. of inactive glucurone to urine samples, depending 
upon the total activity in the 24 hour sample, the urine was clarified by 
treatment with saturated lead acetate solution and filtration, with Celite 
filter aid. Excess lead in the filtrate was removed by addition of 10 per 
cent oxalic acid solution, dropwise, and by filtering again with Celite filter 
aid. The filtrate was concentrated to a few ml. in vacuo (water pump) 
at 50°, treated with excess alcohol-ether, and the insoluble products re- 
moved. The solution was again concentrated by evaporation to approxi- 
mately 3 ml., an equal volume of concentrated nitric acid was added, and 
the solution was heated until nitric oxide fumes were evident. The liquid 
was then transferred to a watch-glass and evaporated on a steam bath 
with stirring until a thin syrup formed. After dilution with 3 ml. of dis- 
tilled water the process was repeated. The syrup was then transferred to 
a small Erlenmeyer flask and the volume was made up to about 10 ml. 
For each gm. of original glucurone, 0.5 ml. of 50 per cent potassium hy- 
droxide was added and the mixture was digested on the steam bath for 
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2 hours. After cooling and acidifying with glacial acetic acid, the solution 
was placed in a refrigerator for 24 hours. The precipitate was _recrys- 
tallized from hot water, Norit being used to obtain a white product. 

The compound was identified by neutralization equivalent and elemental 
analysis. 


C.H,O,;K 
Calculated. Neutralization equivalent 248.2, C 29.00, H 3.63, K 15.73 
Found. 250.0, 29.09, 3.83, 15.71 


249.6 


The radioactive purity of the saccharate derivative was verified by 
successive recrystallizations, the values being, in counts per minute per 
mg., 175, 179, 171, and 174. Barium saccharate of the same specific ac- 
tivity was prepared, also, from the potassium salt to furnish a further 
check on the radioactive purity. 


RESULTS AND DISCUSSION 


The data indicate two major and at least two lesser metabolic pathways 
followed by intraperitoneally injected p-glucuronic acid. A large amount, 
in the range of 50 per cent, is excreted unchanged in the urine. A second 
major route of disposal is rapid oxidation to carbon dioxide, resulting in a 
respiratory loss of approximately 30 per cent within 5 hours. Relatively 
smal] quantities are converted to glycogen, to urinary glucuronides, and 
to fixed tissue constituents. 

From the data in Table I it is evident that administration of borneol, a 
strong stimulant to glucuronic acid excretion, does not markedly change 
the rate at which C" from the uniformly labeled acid is eliminated as 
respiratory carbon dioxide. The rate of respiratory loss was most rapid 
during the first 2 hours; it then decreased rapidly during the subsequent 
4 hours and continued at a very low rate through 25 hours. By the 12th 
hour, the hourly rate was less than 0.2 per cent of the initial dosage. The 
general pattern of the respiratory data resembles the recorded data on 
glucose (2), ascorbic acid (24), and other readily burned metabolites; it 
corresponds also with observations on concentration changes in human 
blood following ingestion of the acid (4). 

The observed rate of conversion to carbon dioxide furnishes strong 
evidence that the tissues are well supplied with enzymes to cleave the 
carbon chain into smaller fragments and to continue their rapid oxidation. 
Accordingly, it may be possible to identify the intermediate carbon frag- 
ments, especially those with 3 carbon atoms, and to trace them into other 
products, such as glycogen and reformed glucuronic acid. 

A study of representative body tissues and glycogen was undertaken to 
determine whether exogenous glucuronic acid was stored in appreciable 
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amounts. Negligible fixations were found (Table II), except in the liver, 
which contained about 1 per cent of the administered C'. About one- 
fourth of the C™ retained by the liver was identified as glycogen. The 
liver is thought to be the major site of urinary glucuronide synthesis (17). 
The precision of the data for tissues is low because of the slight fixation of 
C“ and the resultant extremely low specific activities. The values are 
significant, however, in showing the low degree of C™ storage as polymers 
or other conjugated products under the conditions of the tests. 

The feces contained only about 1 per cent of the injected C, and a 
portion of this quantity may have resulted from contamination with 
urine. 


TABLE I 


C4“ in Respiratory Carbon Dioxide of Normal and Borneol-Fed Guinea Pigs after 
Administration of Uniformly Labeled Glucuronic Acid* 


Per cent of injected dose expired as CO: after 
History Weight 
1 hr.|2 hrs.|3 hrs./4 hrs.|5 hrs.'6 hrs.|7 hrs.|8 hrs.| | ,24 | ,25 
F-] Normal 385 | 8/29. -9/31 
F-2 316 9 .0/32.032.8)33 
F-3 Borneol-fed 305 .6/35.2/35.3 
F-4 390 | 


* The respective quantities and activities of radioglucurone administered to the 
animals were as follows: Guinea Pig F-1, 25 mg., 4.74 X 10% c.p.m.; Guinea Pig F-2, 
19.5 mg., 3.79 X 10° c.p.m.; Guinea Pig F-3, 19.3 mg., 3.64 X 10° c.p.m.; Guinea Pig 
F-4, 20.3 mg., 3.85 K 10° c.p.m. 


In all animals studied, whether normal or after administration of bor- 
neol, urinary excretion accounted for the largest fraction of the quan- 
tities given. The excretion values after single injections of 20 to 25 mg., 
in 300 to 400 gm. animals, ranged from 37 to 63 per cent (average, 52 per 
cent) of the initial dose within 24 hours. The size of the dosage appar- 
ently did not change the proportionate excretion in urine greatly, since 
over 37 per cent of the activity in a 5 mg. dose was found in the urine. 

To find out whether the C™ in the urine of normal guinea pigs was 
present chiefly as glucuronic acid or possibly as other end-products, isola- 
tion was accomplished after conversion to saccharic acid. The resultant 
potassium acid saccharate isolated from the urine of two animals showed 
that a minimum of 70 per cent of the urinary activity was in the form of 
glucuronic acid. The possibility of radioglucuronic acid dilution with in- 
active glucose was recognized and was avoided by using a large excess 
of carrier glucuronic acid, thus rendering the amount of glucose in the 
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urine negligible. Another possibility, that radioglucose was formed and 
converted to saccharate, was unlikely for several reasons, among them the 
low incorporation of radioactivity into the tissues and the relatively large 
percentage of activity found in the urine. 

Conversion of exogenous labeled glucuronic acid to urinary glucuronide 
was established by isolation of the acid as zine bornyl glucuronidate 
(Table III). The quantity of C™ in the excreted borneol glucuronide 


TaBLe II 


Distribution of C'* in Normal and Borneol-Fed Guinea Pigs after Intraperitoneal 
Administration of Uniformly Labeled Glucuronic Acid* 


Guinea Pig F-1 Guinea Pig F-3 | Guinea Pig F-5t | Ma 
gm. | per cent gm. per cent gm. | per cent per ceni 
13.21 0.75 |10.54| 0.97 | 12.65 | 1.08 
0.21. «0.01 0.12 | <0.01 0.08 <0.01 
0.91 <0.01 0.64 | <0.01 | 0.75 <0.01 
3.58 0.14, 2.70 | <0.01| 2.78 0.04 
0.08 | 1.61 0.03 | 2.09 0.03 
Thigh muscle........ ..... 1.46 0.04! 1.09! 0.02; 0.92 0.02) 
Humerus, including | ! 
joints and marrow..... 1.10 0.02 | 0.65 <0.01 0.69 0.01 
Nasal septum........... 60.06 0.06 <0.01 0.05 <0.01 
Liver glycogen§..... 0.22 | | 0.17 | 0.69 0.25 


* See Table I for animal identification and the quantities and activities of glucu- 
ronic acid administered. The animals were sacrificed after 25 hours, except Guinea 
Pigs F-5 and F-6. 

t The animals received 5 mg. (9.54 X 106 ¢.p.m.) of glucurone daily for 5 days and 
were sacrificed after 6 days. : 

t C" activity in tissues expressed as per cent of dose. 

§ Weights of glycogen in portions of liver examined: Guinea Pig F-1, 243 mg. in 
6.90 gm. of liver; Guinea Pig F-3, 137 mg. in 5.56 gm. of liver; Guinea Pig F-5, 242 
mg. in 5.72 gm. of liver; Guinea Pig F-6, 403 mg. in 5.83 gm. of liver. 


constituted approximately 2.8 per cent of the initial quantity injected in 
one test and 6.8 per cent in another. The zinc salt isolated represented 
about one-third of the total quantity present initially (combined observa- 


tions of authors in this and earlier papers (2, 18)). Tests with uniformly | 
labeled p-glucose as a precursor had shown a conversion yield of about | 
2.9 per cent as p-glucuronic acid, in which carbon atom 6 accounted for | 


one-sixth of the total C™ (2). 
Partial degradation of the ZBG was carried out by quantitatively de- 
carboxylating the 6th carbon of glucuronic acid (Table IIT). The pro- 


cedure used was checked with uniformly labeled glucurone and found to | 
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be satisfactory, within the precision of the present measurements. About 
12 per cent of the total C™ of the ZBG was found in the carboxyl carbon, 
whereas 17 per cent had been present in the carboxyl carbon of the ad- 
ministered compound. It is clear, therefore, that a simple direct transfer 
of injected glucurone to bornyl glucuronide was not the only pathway 
followed under the conditions of our tests. The fact that about one-third 
of the administered glucuronic acid was burned to carbon dioxide rapidly 
is an indication that numerous intermediates with fewer than 6 carbon 
atoms were formed, and, hence, it is probable that some of these fragments 
were utilized in forming endogenous glucose and glucuronic acid. There 
is some evidence in the literature (16-18) that points toward glucuronide 
synthesis from 3-carbon fragments, but there was no evidence of such 
origin in the tests with uniformly labeled glucose (2). 


TABLE III 


Distribution of C4 (in Carbon Atom 6) in Conjugated Glucuronic Acid Isolated from 
Urine of Borneol-Fed Guinea Pigs Given Uniformly Labeled Glucuronic Acid 


Source of glucuronic acid | Counts in C-6 in 
| | | per cent 

Initial glucurone, uniformly | | | 

20,250 3375 | 3490 | 17.2 

| 20,250 | 3375 3486 17.2 


Further tests are under way, based upon the use of p-glucose labeled in 
single positions, and complete degradation of the excreted glucuronic acid. 


SUMMARY 


1. Normal and borneol-fed guinea pigs showed a similar capacity to 
oxidize preformed p-glucuronic acid. Approximately one-fourth of the 
C' from uniformly labeled p-glucurone was recovered as respiratory carbon 
dioxide within 3 hours. Urinary excretion accounted for one-half of the 
exogenous acid within 24 hours, and respiratory carbon dioxide accounted 
for an additional 35 per cent. 

2. Tissue fixation accounted for only very small quantities of the ex- 
ogenous acid; the liver contained about 1 per cent, including 0.2 per cent 
as liver glycogen. Less than 0.1 per cent was found in muscle tissue, 
bone (including joints), nasal septum, adrenals, lungs, eyes, and kidneys, 
respectively. 

3. From the urine of borneol-fed guinea pigs, 2.8 to 6.8 per cent of the 
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initial C'* administered as p-glucurone was identified as borny] glucuronide, 
Hence, it is clear that preformed glucuronic acid was partially utilized 
in forming the glucuronide. Although the possibility of intermediate cleay- 
age of the 6-carbon chain is not fully eliminated by this finding, there is 
no evidence that cleavage is essential to the synthesis of the conjugate. 
Twelve per cent of the total C'* in the excreted glucuronide was present in 
position C-6, instead of the 17 per cent as in the preformed glucuronic 
acid, indicating partial use of fragments derived from the initial glucurone. 


The authors are indebted to Dr. Helen B. Burch and Dr. Albert P. 
Doerschuk for their interest. and suggestions, and to Miss Barbara P. 
Brown for technical assistance. 
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THE ENZYMATIC CONJUGATION OF m-AMINOPHENOL* 


By SHELDON BERNSTEIN anv R. W. McGILVERY 


(From the Department of Physiological Chemistry, University of Wisconsin Medical 
School, Madison, Wisconsin) 


(Received for publication, February 11, 1952) 


It has been demonstrated by many workers (1-5) that phenols may be 
conjugated with glucuronic acid or inorganic sulfate in vitro by liver slices 
and by cell-free preparations. By using a system developed in this labo- 
ratory, together with a modification of the analytical procedure described 
by Levvy and Storey (3), the synthesis of the conjugated sulfate, and 
possibly of the glucuronide, has been accomplished in the presence of rat 
liver homogenates when m-aminophenol and potassium sulfate or glucuro- 
nate were present in the appropriate incubation mixture. The work 
reported here deals primarily with the synthesis of ee - 
acid. 

Synthetic Reaction—If m-aminophenol and potassium sulfate are in- 
cubated aerobically in the presence of a KC] homogenate of rat liver in an 
appropriate incubation medium, the synthesis of m-aminophenylsulfuric 
acid, of the order of 150 mum per mg. of enzyme nitrogen, is observed. 
The amount of synthesis is dependent upon the concentration of the in- 
organic sulfate present in the incubation mixture, with saturation at about 
0.01 m sulfate (Fig. 1). 

This aerobic synthesis with whole rat liver homogenate was studied 
extensively by varying the experimental conditions and the components 
of the medium. The detailed conditions for maximum synthesis are pre- 
sented in the experimental section. The enzyme system has a broad pH 
optimum (6.5 to 7.4), and at least 0.001 m Mg** is necessary. 

Location of Enzyme System—TIn order to determine the location of the 
enzyme system involved, the rat liver homogenate was separated into 
various fractions by differential centrifugation at 2000 * g for 10 minutes 
and 18,000  g for 90 minutes, the successive fractions being termed the 
residue, high speed residue, and supernatant fluid, respectively. Each of 
the fractions was tested individually and in various combinations for its 
synthetic ability (Fig. 2). 

None of the fractions are active alone. Recombination of the low speed 


* This investigation was supported by grants from the American Cancer Society 
(recommended by the Committee on Growth of the National Research Council) and 
the Wisconsin Alumni Research Foundation. 

t Predoctoral Research Fellow, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland. 
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residue and the final supernatant fraction gave activity greater than that 
of the original homogenate, while combining the low and high speed resi- 
dues or the high speed residue and the final supernatant fluid gave little 
activity under the conditions of the experiment. 

These results suggested that the enzymes responsible for the synthesis 
are in the supernatant fraction and that the particulates serve to provide 
energy via adenosinetriphosphate (ATP) for the reaction. This possibility 
was tested by an anaerobic incubation with the final supernatant fluid alone 
as the enzyme in the presence of a high level of ATP. The reaction under 
these conditions proceeded as well as it did aerobically with the whole 
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Fig. 1. Effect of sulfate concentration on aerobic synthesis of m-aminophenyl- 
sulfuric acid. The enzyme preparation was a KCl] homogenate of rat liver. The 
concentration of K,SQO, is the final concentration of the mixture after the addition 
of the enzyme solution. 

Fic. 2. Activity of fractions obtained by differential centrifugation. The syn- 
thesis represented is the aerobic synthesis of the conjugated sulfate. The amount 
of the fractions used per flask was equal to the amount in 1 ml. of whole homogenate. 


homogenate or the particulate matter plus the supernatant fraction (Fig. 
3). Therefore, the assumption is correct that the entire conjugating sys- 
tem is in the soluble fraction, and the energy for the reaction is derived 
via ATP from the oxidative reactions of the particulates. 

Acetone powders and lyophilized preparations made from the super- 
natant fluid had an activity slightly higher than the supernatant fraction 
itself (Fig. 3), and retained this activity for several months on storage at 
— 20°. 

ATP Dependence of Reaction—The synthesis of the conjugated sulfate 
when run anaerobically is entirely ATP-dependent. With the final super- 
natant fraction, a concentration greater than 0.005 m ATP is necessary 
for maximvm anaerobic synthesis (Fig. 4). The enzymatic system may be 
partially purified by ammonium sulfate fractionation according to a pro- 
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cedure outlined in the experimental section. With this preparation a 
lower level of ATP is necessary for maximum synthesis and the amount of 
synthesis decreases at higher ATP concentrations (Fig. 4). This inhibi- 
tion had previously been observed in many enzymatic systems and may be 
due to accumulation of adenylic acid (6-10). 

Other Characteristics of Anaerobic System—The amount of synthesis is 
proportional to the amount of supernatant fraction present up to 20 per 
cent conjugation of the added phenol. The reaction increases linearly 
with time for almost 2 hours, after which it begins to level off (Fig. 5). 
The system shows a broad pH optimum from 6.5 to 7.4. The super- 
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Fic. 3. Anaerobic synthesis of conjugated sulfate by the final supernatant frac- 
tion. The ATP concentration was 0.005 m. The acetone powders and the lyophil- 
ized preparation were made from the final supernatant fraction. 

Fic. 4. The effect of ATP concentration on anaerobic sulfate synthesis. Curve 
A, the enzyme was a purified preparation obtained by ammonium sulfate fractiona- 
tion as described in the text. Curve B, the enzyme was the final supernatant frac- 
tion. The maximum synthesis in Curve A was 0.064 um; in Curve B, 0.28 um. 


natant fraction retains its activity when stored in the frozen state, but this 
activity is rapidly lost when it is incubated at 38° without any substrate. 

Identification of Product—Ion exchange and paper chromatographic pro- 
cedures were used for the separation and identification of the product of 
the enzymatic reaction. 

With an anion exchange resin (Fisher analytical grade Amberlite 
IR-4B), conditions were developed for the separation of known samples of 
m-aminophenylsulfuric acid from samples of the glucuronide and the free 
phenol (Fig. 6) (see the experimental section for methods). The peak in 
the eluate obtained from the experimental medium corresponds to that 
obtained when synthetic potassium m-aminopheny! sulfate is used. The 
majority of the tissue control value in which no exogenous sulfate or glu- 
curonate is added is due to synthesis of the conjugated sulfate. 


Ae) 
51S 
vyl- 
he 
ion | 
yn- 
unt | 
ate. 
ig. 
Vs- 
er- 
at 
ate 
er- 
he 
r0- 


198 CONJUGATION OF m-AMINOPHENOL 


Corroborative evidence as to the identity of the product was obtained 
with one-dimensional paper chromatograms. It was found that the di- 
azotized compounds from the Bratton-Marshall reaction could be sepa- 
rated on paper with a solvent of n-butanol saturated with 1 nN HCl. The 
Ry values obtained for the derivatives of pure m-aminophenol, m-amino- 
phenyl! glucuronide, and m-aminopheny] sulfate were 0.91, 0.09, and 0.23, 
respectively. An aliquot of the deproteinized supernatant fluid from the 
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Fic. 5. Kinetics of anaerobic sulfate synthesis. The ATP concentration was 
0.005 mM. The enzyme preparation used was the high speed supernatant fraction. 

Fic. 6. Chromatographic separation of compounds on an ion exchange column. 
A,m-aminophenol. B, heavy line, m-aminopheny] glucuronide; light line, m-amino- 
phenyl sulfate. C, deproteinized supernatant fluids from enzymatic incubations; 
light line, control with no sulfate or glucuronate added; heavy line, glucuronate 
added. D, deproteinized supernatant fluid from enzymatic incubation with in- 
organic sulfate added as substrate. 


appropriate enzymatic incubation was allowed to react with the color 
reagents and a paper chromatogram was developed. If the medium con- 
tained no glucuronate or sulfate, spots with Ry values of 0.92 and 0.24 
were obtained; if the medium contained glucuronate, spots with values 
of 0.91 and 0.24 and a faint spot with an Rr of 0.09 were obtained; if the 
medium contained inorganic sulfate, a very dark spot with an Ry of 0.24 
and a spot with a value of 0.93 were obtained. The presence of the light 
conjugated sulfate spot in all the enzymatic experiments again indicates 
that the tissue control value is due to the formation of this compound. 
Possible Glucuronide Synthesis—The product formed when glucuronate 


or 


S. BERNSTEIN AND R. W. MCGILVERY 199 


or a 3-carbon compound was included in the incubation mixture instead 
of inorganic sulfate has not been proved to be the conjugated glucuronide. 
The synthesis of this compound is of the order of one-third to one-fifth 
that of the conjugated sulfate. It has been suggested by Lipschitz and 
Bueding (1), Quick (11), and recently by Packham and Butler (12) that 
3-carbon compounds are precursors of the glucuronic acid used in the 
conjugation. Our results are in agreement with this concept, since lactate, 
pyruvate, or phosphoglycerate produces an amount of the conjugated 
product equal to or greater than that obtained with glucuronate (Fig. 7). 
The phosphorylated hexoses (glucose-1-phosphate and fructose-1 ,6-diphos- 
phate) did not produce any synthesis unless a muscle fraction rich in 
certain glycolytic enzymes including aldolase was added. 
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Fig. 7. Aerobic synthesis of conjugated compound (glucuronide or sulfate) with 
various substrates. All substrates were originally present in the same concentration 
(0.015 m). The enzyme preparation was a KC] homogenate of rat liver. 


This reaction is also similar to that of sulfate conjugation in that the 
enzymes responsible are present in the high speed supernatant fraction 
of the rat liver homogenate, and in that the synthesis has been shown to 
proceed anaerobically in the presence of high concentrations of ATP. 
It also has a broad pH optimum between 6.6 and 7.4. 


EXPERIMENTAL 


Analytical Methods—The method used for the determination of the con- 
jugated products was a modification of that reported by Levvy and Storey 
(3) and is based upon the reaction of Bratton and Marshall (13) for the 
determination of sulfonamides. Since Levvy and Storey developed their 
procedure using 0-aminophenol and o-aminophenyl glucuronide, and we 
were using the corresponding meta compounds, the optimum conditions of 
the determination differed slightly. The pH used for the determination 
was 2.70 instead of 2.25. At this pH the color due to the free phenol is 
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only 2 per cent that of the conjugated glucuronide, the latter being close to 
maximum. Color development is complete for the glucuronide in 20 
minutes and the color remains stable for several hours. 

This color reaction is equally applicable for the determination of the 
corresponding m-aminophenylsulfuric acid, which is chromogenically equiy- 
alent to the glucuronide. Under identical conditions, color development 
for this compound was complete in 15 minutes and the color faded slightly 
after 1 hour. The amount of the conjugated compound was determined 
from a calibration curve obtained with the pure compounds. 

Media—A typical aerobic medium contained the following: 0.001 
m-aminophenol, 0.015 mM KeS., (or glucuronate or 3-carbon substrate), 
0.0005 m ATP, 0.0025 M potassium fumarate, 0.0025 M magnesium chlo- 
ride, 1.1 & 10-° mM cytochrome ec, all in isotonic phosphate buffer (pH 6.65 
for sulfate synthesis, 7.30 for glucuronide synthesis). Cytochrome c had 
little effect on the synthesis and was eliminated in later experiments, 
MgCl. was used instead of MgSO, to avoid the possibility of sulfate con- 
jugation in media otherwise lacking inorganic sulfate. 

In anaerobic experiments fumarate and cytochrome ¢ were omitted, and 
the ATP concentration was raised to either 0.005 mM or 0.003 M. 

Synthesis of Potassium m-Aminophenyl Sulfate—This salt was prepared 
by catalytic hydrogenation of potassium m-nitropheny! sulfate prepared 
synthetically from m-nitrophenol and potassium pyrosulfate in a modi- 
fication of the procedure of Baumann (14), as improved by Burkhardt and 
Lapworth (15). 

A mixture of m-nitrophenol (0.1 mole) and dimethylaniline (0.3 mole) 
was heated on a steam bath and stirred mechanically while finely divided 
potassium pyrosulfate (0.25 mole) was added. The suspension was heated 
and stirred for 4 hours. The reaction mixture was then poured into an 
excess of Ba(OH), (aqueous solution) to precipitate the unchanged sulfate. 
The dimethylaniline was removed by steam distillation, followed by pre- 
cipitation of the excess barium with CO... After filtration and evaporation 
to a small volume, the product separated out as fine yellow needles.  Re- 
crystallization was accomplished with 80 per cent ethanol. Analysis for 
potassium (determined as potassium sulfate), 15.3 per cent; theoretical 
value for potassium in potassium m-nitrophenyl sulfate, 15.2 per cent. 

4.1 gm. of the above compound were hydrogenated at atmospheric 
pressure in 100 ml. of absolute methanol with 200 mg. of PtO, (Adams’ 
catalyst). The uptake of hydrogen was smooth and rapid until 98 per cent 
of the theoretical amount of hydrogen was used, and then the reaction 
stopped. The solution was heated to boiling and the catalyst was re- 
moved by filtering while hot. The filtrate was evaporated to dryness 
under vacuum. An orange solid remained. Recrystallization was ac- 
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complished by using an ethanol-water solution, with decolorization by acid- 
washed Norit. After several recrystallizations, the crystals remaining after 
drying under vacuum were light tan in color and had a constant sharp 
melting point (softens at 227°, m.p. 229.5-230°). K, 17.0 per cent; theo- 
retical IX for the m-aminophenyl sulfate, 17.2 per cent. S, 14.1 per cent; 
theoretical S for m-aminopheny! sulfate, 14.1 per cent. A solution of 
this compound gave no precipitate with BaCl, before acid hydrolysis. 

Preparation of m-Aminophenyl Glucuronide—Pure m-aminopheny] glu- 
curonide was obtained by biosynthetic preparation as described by Wil- 
liams (16). We are grateful to Professor Williams for his helpful sug- 
gestions in this preparation and also for his very generous gift of some of 
the pure compound he had prepared in a like manner. The two samples 
gave identical chromogenic equivalents. 

Substrates—The m-aminophenol used was a commercial preparation re- 
crystallized twice from water and decolorized with Norit. The crystals 
were small white needles, softening at 119.5°, m.p. 122—123°. 

In early experiments a preparation (Sigma) of the barium salt of ATP 
was used after sulfate titration. Later, to avoid any possible sulfate 
contamination from this procedure, a neutralized solution of the soluble 
sodium acid salt of ATP (Pabst) was employed. In the experiments in 
which phosphoglyceric acid was required, a recrystallized commercial prep- 
aration of the barium salt of this compound was treated in the same manner 
as the barium ATP, care being taken to avoid any excess sulfate. 

Commercial ¢.p. pyruvic, lactic, and glucuronic acids and potassium 
sulfate were used. 

The glucose-l-phosphate and fructose-1,6-diphosphate were purified 
commercial preparations. 

Chromatographic Separation—For the separation of the compounds on 
an ion exchange column, a column of Amberlite IR-4B was prepared 
(2 X 25 em.), and this was washed successively with 300 ml. of 4 per cent 
HCl, distilled water, 4 per cent NH,OH, and distilled water. This cycle 
was repeated at least four times, the column finally being charged with 4 
per cent NH,OH. The column was then again washed with distilled water 
until the eluate was of neutral pH. A sample of the appropriate com- 
pound (0.25 um in 5 ml. of 0.20 n trichloroacetic acid) or of the depro- 
teinized incubation mixture was then placed on the column. When the 
sample was all on the column, 0.1 M boric acid-NaOH buffer, pH 9.5, was 
added to elute the glucuronide and free phenol, and successive 5 ml. samples 
of the eluate were collected with the aid of a Technicon automatic fraction 
collector. After the collection of the sample in Tube 10, the borate buffer 
eluent was replaced by 4 per cent NH,OH to remove the sulfate compo- 
nent. In all, twenty 5 ml. samples were collected. For analysis, a 2.5 
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ml. aliquot was taken from each tube and to it, in a colorimeter tube, 
were added 5 ml. of 4 per cent HCl. The color reagents were added in 
the usual manner, and, after being allowed to stand for 20 minutes at 
room temperature, the optical densities were read at 555 my. When the 
reaction is run in strong acid, the free phenol also develops color. 

For the experiments with paper chromatography, the compounds were 
allowed to react with the color reagents, again under strongly acidic con- 
ditions so that the free phenol would also give color. A small amount 
of the colored solutions was placed on strips of Whatman No. | filter paper 
(18 X 2.5 cm., tapered at one end), and a one-dimensional chromatogram 
was developed with a solvent of n-butanol saturated with 1 N HCl. The 
Ry values of the spots were determined. 

Ammonium Sulfate Fractionation—A partial purification of the enzyme 
system was accomplished by ammonium sulfate fractionation. To the 
high speed supernatant fraction of the rat liver homogenate, in the cold, 
was added saturated ammonium sulfate solution, with constant stirring, 
until the concentration of the ammonium sulfate in the final solution was 
1.7 m. The precipitate was centrifuged off and discarded. Saturated 
ammonium sulfate was again added to the resulting supernatant fluid 
until the concentration of the ammonium sulfate was raised to 2.3 . 
After centrifugation, the supernatant fluid was discarded and the pre- 
cipitate redissolved in water. The concentration of ammonium sulfate 
in this solution was raised to 1.7 M again, and the precipitate was dis- 
earded. On raising the ammonium sulfate level of the supernatant fluid 
to 2.25 M, an active precipitate was obtained. This precipitate when dis- 
solved in water had an activity 5 times that of the original supernatant 
fraction. 

SUMMARY 


1. The enzymatic synthesis of m-aminophenylsulfuric acid from m-ami- 
nophenol and potassium sulfate by rat liver homogenate has been demon- 
strated. 

2. The complete synthetic system is present in a high speed supernatant 
fraction of the homogenate, while the insoluble enzymes present in the 
mitochondria are only necessary to catalyze reactions producing the energy 
for the synthetic reaction. 

3. The conjugation will proceed anaerobically with the supernatant frac- 
tion alone provided ATP in high concentration is present. This anaerobic 
reaction is entirely ATP-dependent. 

4. A partial purification of the enzyme system is accomplished by am- 
monium sulfate fractionation. 

5. The identity of the product of the reaction is demonstrated by ion 


exchange and paper chromatography. 
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6. An organic synthesis of potassium m-aminopheny] sulfate is described. 
7. With the reservation that the identification of the product is lacking, 


indirect evidence is presented of the synthesis of m-aminophenyl] glu- 
curonide from m-aminophenol and potassium glucuronate or possible 3- 
carbon precursors of glucuronate by a reaction similar to the sulfate 


synthesis. 


COM 
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THE CONVERSION OF t-HISTIDINE TO GLUTAMIC 
ACID BY LIVER ENZYMES* 


By ADOLPH ABRAMS ann HENRY BORSOOK 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, March 17, 1952) 


Edlbacher and Neber (1) showed in 1934 that the liver enzyme named 
histidase degrades histidine to NH3, formic acid, and an unknown product 
which on further treatment with strong alkali yields glutamic acid. This 
led to the suggestion that glutamic acid is a metabolic product of histidine, 
a suggestion that was supported by the finding that glycogen was formed 
from histidine about as well as from glutamic acid (2). These findings 
did not prove that glutamic acid was one of the products of histidine me- 
tabolism, and the idea became questionable when the evidence from sub- 
sequent investigations with non-isotopic histidine (3), imidazole-N?°-his- 
tidine (4), and carboxyl-C'-histidine (5) were negative or inconclusive. 

In studies on the fate of carboxyl-C'-L-histidine in the liver of rabbits 
after injection and after incubation with guinea pig liver slices, we have 
found direct evidence that glutamic acid is a major product of histidine 
metabolism. Another highly radioactive compound was isolated by ion 
exchange chromatography, whose properties with respect to chromatog- 
raphy and lability to alkali and acid appear to correspond to those re- 
ported for isoglutamine. ‘Takeuchi (6) isolated and identified isoglutamine 
as a product of the action of urocanicase on urocanie acid, which was ob- 
tained by the action of another liver enzyme on histidine. The formation 
of isoglutamine as an intermediate is consistent with our finding that the 
label in the radioactive glutamic acid formed from carboxyl-C"-histidine 
is not in the a-carboxyl group, and the inference is very strong that the 
label is in the y-carboxyl group. 


Materials and Methods 


The synthesis of the carboxyl-C'-L-histidine used has been described 
(7). Its specific activity was 23,000 c.p.m. per mg. 
The non-protein filtrates of liver were obtained as follows. The liver 


* These studies were aided by a contract between the Office of Naval Research, 
United States Navy Department, and the California Institute of Technology, Di- 
vision of Biology (NR-164-304). The C™ used in this investigation was supplied by 
the Carbide and Carbon Chemicals Corporation, Oak Ridge, Tennessee, and obtained 
on allocation from the United States Atomic Energy Commission. 

t Eli Lilly Research Fellow. 
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was homogenized in ice water and the protein precipitated and then 
washed with 5 per cent trichloroacetic acid, after which the combined 
original filtrate and washings were extracted with ether, evaporated to 
dryness in vacuo, and the residue taken up in 2 ml. of 1.5 N HCl. A small 
amount of insoluble material was discarded. The solution was then chro- 
matographed on Dowex 50 with three strengths of HCl as eluent ac. 
cording to the method of Stein and Moore (8). The chromatographic 
column was water-jacketed and kept at 3—4° to minimize changes due to 
the relatively strong acid during the chromatography. The eluate was 
collected in 2 to 5 ml. fractions; 0.4 ml. aliquots of each fraction were 
neutralized and analyzed for ninhydrin-reactive material by the method 
of Moore and Stein (9); the radioactivity of each fraction was determined 
by means of a Geiger-Miiller end-window counter on 0.6 ml. aliquots 
dried on Tygon painted aluminum cups. 

Other details of procedure are given below with the experimental results, 


Experimental Procedure and Results 


In Vivo Experiment—20 mg. of radioactive histidine were injected into 
the ear vein of each of two rabbits and the livers were removed 40 minutes 
later in one case and 20 minutes later in the other. Figs. 1 and 2 give the 
distribution of radioactivity and ninhydrin-reactive material in the frac- 
tions of the eluate after chromatography of the non-protein filtrates. 

In Vitro Experiment—3 mg. of radioactive histidine were incubated in 
three beakers, each containing eight guinea pig liver slices (a total of 677 
mg. of dry weight of protein) and 4.0 ml. of Krebs-Henseleit Ringer's 
solution (10) under 95 per cent O- and 5 per cent CO: for 3.5 hours at 38°. 
At the end of the incubation the suspension of slices and saline was ad- 
justed to pH 5 and immersed in a boiling water bath for 15 minutes and 
filtered. The filtrate was evaporated to dryness in vacuo and chromato- 
graphed as described above. The distribution of radioactivity is shown 
in Fig. 3. 

Figs. 1, 2, and 3 show that a number of radioactive substances were re- 
solved on the ion exchange resin. The areas of the radioactive peaks 
represent the relative amounts of radiohistidine and of each of its radio- 
active conversion products, formed in the liver. The identification of 
some of these as glutamic acid and aspartic acid in the in vivo experiment 
(Figs. 1 and 2) and of glutamic acid and of what appears to be an inter- 
mediate compound in the in vitro experiment (Fig. 3) is described in the 
following sections. The percentage conversion (Table I) of the histidine 
to glutamic acid and to the intermediate compound shows that this is a 
major pathway of histidine metabolism. 

Isolation of Radioactive Glutamic Acid—The glutamic acid eluate frac- 
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tions shown in Figs. 1, 2, and 3 were identified by paper chromatography 
and paper electrophoresis. Coincidence of ninhydrin color and radio- 
activity indicated that the radioactivity was in the glutamic acid. Fur- 


ther evidence that the radioactive material in these fractions was glutamic 
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Fic. 1. Chromatographic analysis on Dowex 50 ion exchange resin of the non- 
protein fraction of rabbit liver 40 minutes after the injection of radiohistidine. The 
radioactivity of the eluate fractions, expressed as counts per minute per ml., is shown 
by solid lines. The ninhydrin reactivity of the same eluate fractions, expressed as 
micromoles per ml., is shown by dash lines. The peak of the histidine radioactivity, 
not shown, was 1400 ¢.p.m. per ml. and 1550 ¢.p.m. per ml. The radioactive glutamic 
acid and radioactive histidine are indicated on the diagram. The other ninhydrin 
peaks represent free amino acids and other ninhydrin-reactive material in liver; 
the other radioactive peaks are unidentified metabolic products of the radiohistidine. 


acid was obtained by filter paper chromatography. There was only one 
ninhydrin spot. Its Ry values with propanol-ammonia and with phenol- 
water were identical with those of glutamic acid run simultaneously, and 
the radioactivity coincided exactly with the ninhydrin spot. This was 
conclusively established by carrier isolations and recrystallization to con- 
stant specific activity as follows. The fractions shown in Fig. 1 (in vivo 
experiment) and Fig. 3 (in vitro experiment) containing the supposed glu- 
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Fic. 2. Chromatographic analysis on Dowex 50 ion exchange resin of the non- 
protein fraction of rabbit liver 20 minutes after injection of radiohistidine. The 
radioactivity of the eluate fractions is expressed as counts per minute per ml. The 
radioactive glutamic acid and aspartic acid, derived metabolically from the radio- 
histidine (not shown), are indicated. The remaining radioactive peaks are unidenti- 
fied metabolic products of the radiohistidine. 
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Fic. 3. Chromatographic analysis on Dowex 50 ion exchange resin of the non- 
protein fraction after 3.5 hours incubation of radiohistidine with guinea pig liver 
slices, in the presence of bicarbonate-CO,. The radioactivity of the eluate fractions 
is expressed as counts per minute per ml. Radioactive glutamic acid, a glutamic 
acid precursor, and radiohistidine from which they were metabolically derived, are 
indicated on the diagram. Note that aspartic acid, which is eluted just before 
glutamic acid (see Fig. 2), was not measurably radioactive. The remaining radio- 
active peaks are unidentified metabolic products of radiohistidine. 
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tamic acid were evaporated in vacuo to dryness, 100 mg. of non-isotopic 
glutamic acid were added in the first case and 80 mg. in the second, and 
they were recrystallized as the hydrochloride by saturation with HCl 
gas. Two recrystallizations gave specific activities of 4.4 and 4.3 ¢.p.m. 
per mg. in the one case and 8.8 and 8.3 ¢.p.m. per mg. in the second case. 

Position of Label in Glutamic Acid—-A 40 mg. (4.3 ¢.p.m. per mg.) and a 
30 mg. (8.3 ¢.p.m. per mg.) sample of the carrier isolated 2 times recrys- 
tallized glutamic acid from the in vivo and the in vitro experiments, respec- 
tively, was treated with ninhydrin according to the method of Van Slyke 
eal. (11), and the liberated CO., which is derived from the a-carboxy] 
only, was collected as BaCO; whose radioactivity was then measured. 
In the first case (the in vivo experiment) only 10 per cent of the radioac- 


TABLE 


Distribution of Radioactivity Derived from Carbozryl-C''-L-Histidine among Various 
Compounds of Liver Non-Protein Fraction 


| 2 2 | Per cent total counts administered, found in 
| compounds below 
Tissue Soin | 
3 E Intermediate | Aspar 
5 Histidine 23 compound tic acid 
| min C.p.m. 
Rabbit liver in vivo....... 40 460,000 6.4 0.58 Not identified 0.09 
hrs. | 
Guinea pig liver slices.... 3.5 67,140 51 3.0 20 _ None 
1.4 


tivity was liberated by ninhydrin, and in the second case (the in vitro 
experiment) no radioactivity could be detected in the BaCQs, although 5 
per cent could have been measured. Quantitative recovery of the CO, 
was obtained. 

The appearance of 10 per cent of the label of the glutamic acid in the 
a-carboxyl group in the case of the in vivo experiment was probably due 
to COs fixation, the radioactive CO. having arisen by decarboxylation of 
the carboxyl-labeled histidine. Aspartic acid was labeled to a slight ex- 
tent (see Figs. 1 and 2). This may have occurred either through CO, 
fixation or conversion of y-carboxyl-labeled glutamic acid. Proof that 
aspartic acid was labeled was established by rechromatographing the 
aspartic acid fraction from Dowex 50, which had been eluted with 1.5 Nn 
and 2.5 x HCl, on starch with 0.1 HCl-propanol-H2,O. The radioac- 
tivity coincided exactly with the aspartic acid fraction. Labeled CO, 
incorporation has been shown to lead to labeling of the a-carboxyl of 
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glutamic acid exclusively (12-14); our results in the in vivo experiment 
indicate that 90 per cent of the label was very probably in the y-carboxy| 
group. 

This is shown more clearly in the in vitro experiment. The incubation 
was carried out in the presence of 0.024 m bicarbonate and under a con- 
tinuous flow of 5 per cent CO,.. This great excess of unlabeled CO, diluted 
the CO, arising from the histidine so greatly that no radioactivity was 
found either in the aspartic acid or in the a-carboxyl group of glutamic 
acid. Nevertheless, the isolated glutamic acid was highly radioactive, 
As the histidine was labeled in the 1 position, the inference is strong that 
the C“ was at the y-COOH. Nevertheless, it must be stated that the 
last point has not been proved directly. It follows, then, that the amino 
group of histidine came off in the conversion (see below). 

Isolation of Radioactive Precursor of Glutamic Acid—Fig. 3 shows a well 
resolved fraction which emerges after glutamic acid, and whose radio- 
activity is exceeded only by that of histidine itself. The fraction cor- 
responding to the peak of this fraction was taken to dryness in vacuo at 
room temperature, and an aliquot was chromatographed on paper in a 
saturated phenol-H,O system. The compound, detected by its radio- 
activity, had an Ry of 0.55. Only one radioactive spot could be detected. 
This spot did not produce a color with ninhydrin, possibly because the 
amount was not sufficient. After treatment with NH,OH-water (1:1) 
at 100° for 2 hours, the compound was completely converted to one with 
an Rr of 0.3 corresponding to the position of glutamic acid. On the other 
hand, standing in 6 Nn HCl for 2 days caused less than 5 per cent conver- 
sion to glutamic acid, heating in 0.6 n HCI for 1 hour at 100° caused no 
significant change, and heating in 6 N HCl for 2 hours at 100° caused about 
40 per cent conversion to glutamic acid. This behavior in acid and alkali 
corresponds to that reported for isoglutamine (6), and its Ry is close to 
that reported for glutamine (15). It is noteworthy that this compound 
was observed only in the extract from the tn vitro experiment (Fig. 3); 
there was very little, if any, in the extract of liver from the whole animal 
(Figs. 1 and 2). 


DISCUSSION 


The argument that histidine was converted to glutamic acid enzymat- 
ically (and physiologically) rests on the fact that radioactive glutamic acid 
was isolated by relatively mild procedures from non-protein filtrates after 
presenting the systems studied with radiohistidine, while little or no radio- 
activity was found in the other common amino acids, including aspartic 
acid. The radioactive glutamic acid could not have arisen as an artifact 
in our manipulation of the liver extracts. The radioactive compound 
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which yields glutamic acid readily with alkali does so only very slowly with 
even strong acid. After the incubation the liver extracts were at no time 
above pH 5, and when they were treated with trichloroacetic acid it was 
in the cold and for a short time. 

Edlbacher (1) proposed the accompanying mechanism for the con- 
version of histidine to glutamic acid. 


CH==C—CH:—CH—COOH CH==C—CH.—CH—COOH 
| | | 
NH N NH; NH NH, 
| 
C O=C 
H H 
L-Histidine 
C=CH—C OOH 
NH: 
O=C 
H 
e— 
OH NH: H NH; 
O=C 
H 
Lt-Glutamic acid w-Formy]-L-glutamine 


Oyamada (16) proposed a fundamentally different pathway for the en- 
zymatic breakdown of histidine by liver enzymes. He isolated urocanic 
acid, «-formyl-pL-isoglutamine, and pD1-isoglutamine, and proposed that 
this was the sequence in which these substances arose from each other. 
He did not designate glutamic acid as a physiological end-product. Oya- 
mada’s scheme is given in the diagram on the following page. Edlbacher 
did propose glutamic acid as the physiological end-product, its immediate 
precursor being glutamine. Glutamic acid can arise from either gluta- 
mine or isoglutamine, and evidence is presented here that glutamic acid 
is formed enzymatically. 

Beginning with carboxyl-C"-1-histidine, according to Edlbacher’s mech- 
anism the C“ would be entirely in the a-COOH of the glutamic acid 
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formed, while according to Oyamada’s mechanism the C would be ep. 
tirely in the y-COOH group. Our evidence supports the latter mechanism 
and definitely eliminates that proposed by Edlbacher.! 

We have no evidence on the intermediates between histidine and iso- 
glutamine proposed by Oyamada. Nor have we determined the optical 


NH WN — NH N 
C C 
H H 
L-Histidine Uroeanie acid 
OH 
| 
C==—=C—C H.—C H2— COOH 
| | 
NH WN 
C 
H 


Oxyimidazolepropionie acid 


CO——CH—CH.—CH:—C OOH 


| 
NH N 


C 
H 
Imidazolonpropionic acid 
| ; 
CO—CH—CH:—CH:—C 00H CO—CH—CH.—CH,—C 00H 
| 
NH. NH: <— NH: NH 
H 
pL-Isoglutamine a-Formyl-pL-isoglutamine 


rotation of the glutamic acid we have found to be formed (enzymatically). 
Edlbacher isolated, after treatment of a precursor with alkali, L(+ )-glu- 
tamic acid. If, as Takeuchi suggests, this precursor was DL-isoglutamine, 
the resulting glutamic acid should have been the pi form. ‘The en- 


- 1The formation of a-formamidinoglutaric acid through rearrangement of an in- 
termediate product proposed by Walker and Schmidt (17), on the basis of indirect 
evidence, could also result in y-carboxyl-labeled glutamic acid arising from car 
boxyl-labeled histidine. 
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yymatic hydrolysis of L-isoglutamine would, presumably, give only 1-glu- 
tamic acid. This point needs to be investigated. 

It remains to account for the inconclusive results obtained by D’Iorio 
and Bouthillier (5). These workers injected carboxyl-C"-histidine into 
the rat and 4 and 18 hours later determined the C™ in the aspartic and 
glutamic acids, arginine, proline, and hydroxyproline in the carcass pro- 
teins. The label was present in all of these amino acids, most in the 
arginine, least in the aspartic acid. The authors concluded “that glutamic 
acid does not appear to be an important intermediate in histidine catabo- 
lism.” The design of their experiments was such that direct glutamic 
acid formation from histidine could not have been shown. ‘The time 
elapsed after the injection of the histidine was too long, 4 and 18 hours; 
the carcass protein rather than the non-protein fraction of the liver was 
analyzed. All that could be seen in their experiment was the general 
transfer of COs arising from the decarboxylation of the histidine, as the 
highest degree of labeling in the protein arginine shows. 

Tesar and Rittenberg (4) used imidazole-N!*-histidine and did not ob- 
serve significant labeling of glutamic acid isolated from the proteins. 
They recognized that this negative result could have occurred as a result 
of the rapid deamination and reamination of glutamic acid and they 
pointed out that C™ labeling would be more conclusive. 

After this work was concluded and the present communication written, 
a report appeared by Tabor and Hayaishi (18) presenting evidence of the 
formation of L-glutamic acid from L-histidine by Pseudomonas fluorescens. 
As far as we are aware, there has been no demonstration previous to that 
described here of the formation of glutamic acid from histidine in mam- 
malian liver in vivo or in vitro. 


SUMMARY 


1. Radioactive glutamic acid was isolated by mild procedures from the 
liver of animals presented with carboxyl-C"-histidine, in in vivo and in 
vitro experiments. The C was not in the a-COOH group and was very 
probably in the y-COOH. This finding supports the mechanism involving 
urocanic acid, formylisoglutamine, and isoglutamine as intermediates. 

2. A radioactive metabolic product of histidine was isolated by ion ex- 
change chromatography whose properties corresponded to those of iso- 
glutamine. 

3. The rate of the conversion of histidine to glutamic acid indicates 
that it is a major metabolic pathway. 
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COUPLING OF ACETYL DONOR SYSTEMS WITH CHOLINE 
ACETYLASE* 


By SEYMOUR KORKES, ALICE pet CAMPILLO, SAUL R. KOREY,t 
JOSEPH R. STERN, DAVID NACHMANSOHN, 
SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of Medicine, and 
the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, April 25, 1952) 


Previous studies of the choline acetylation system of brain and of the 
head ganglion of the squid have utilized acetate, ATP,! and CoA to gener- 
ate “active acetate” (1, 2). Following the isolation of acetyl CoA by 
Lynen et al. (3), its identity with “active acetate” has been established by 
the demonstration that the acetylated coenzyme is the acetyl donor in 
the biological acetylation of -sulfanilamide (3), choline,? and orthophos- 
phate (4), and in the synthesis of citrate (5) and acetoacetate (6). 

The synthesis of acetylcholine from acetyl CoA and choline has been 
confirmed with a partially purified choline acetylase from the head ganglion 
of the squid. Experiments on the coupling of choline acetylase with 
various acetyl donor systems, in the presence of catalytic amounts of CoA, 
are also reported. The acetyl donors used were acetyl phosphate, pyru- 
vate, and citrate in the presence of phosphotransacetylase (4), the pyruvate 
oxidation system (7, 8), and the condensing enzyme (5), respectively. 

Acetyl CoA As Acetyl Donor—An experiment demonstrating the enzy- 
matic synthesis of acetylcholine from acetyl CoA and choline is given in 
Table I. The formation of acetylcholine is accompanied by the appear- 
ance of a stoichiometric amount of sulfhydryl groups. This indicates 
that the choline acetylase preparation employed catalyzes the following 
reaction. 


+ 
(1) CoA—S—C—CH; + = 
O 


+ 
CoA—SH + (CH;);N—CH:—CH,0C—CH; 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), and the Office of Naval Research. 

t Fellow of the Rockefeller Foundation. 

'The following abbreviations are used: ATP, adenosinetriphosphate; CoA or 
CoASH, coenzyme A; acetyl CoA, acetyl coenzyme A; DPN, diphosphopyridine 
nucleotide; DPNH, reduced diphosphopyridine nucleotide. 

* Unpublished experiments of O. Wieland (quoted by Lynen et al. (3)). 
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Whether Reaction 1 is catalyzed by a single enzyme remains to be es. 
tablished. 
Acetyl Phosphate As Acetyl Donor—The choline acetylase preparation 


TABLE 
Acetyl CoA As Acetyl Donor in Acetylcholine Synthesis 
The sample contained 100 um of potassium phosphate buffer, pH 7.4, 8 um of 
MgCl:, 20 um of KCl, 24 um of choline chloride, 0.68 um of acetyl CoA* (purity 44 
per cent), 0.03 um of tetraethyl pyrophosphate, and choline acetylase fraction with 
14 mg. of protein. Final volume 2.0 cc. Incubation, 15 minutes at 25°. Acetyl- 
choline determined by bioassay. 


Time’ Sulfhydryl Acetylcholine 
min. uM pM 
0 0.05 0 
15 | 0.55 0.51 
| +0.50 +0.51 


* Determined by enzymatic conversion to citrate with excess oxalacetate and 
condensing enzyme. 


TABLE II 
Acetyl Phosphate As Acetyl Donor in Acetylcholine Synthesis 


The reaction mixture contained 2 um of MgCl, 30 um of choline chloride, 10 px 
of L-cysteine, 40 um of acetyl phosphate, 20 units of CoA, 0.1 um of tetraethy!] pyro- 
phosphate, 0.10 cc. of fractionated choline acetylase (containing 1.2 mg. of protein), 
and either 0.30 cc. of E. coli extract (Experiment 1) or 0.30 cc. of an ammonium sul- 
fate fraction from £. coli extract at 60 per cent saturation (Experiment 2). The 
total volume was brought to 1.75 cc. with 0.02 m potassium phosphate buffer, pH 
7.4. Incubation, 60 minutes. Temperature, 30°. Values in micromoles of acetyl- 
choline determined chemically. 


System | Experiment 1 | Experiment 2 
Complete oe 19.6 37 .0 
** acetyl phosphate...... 0 


of squid can be coupled with phosphotransacetylase (4), which catalyzes 
Reaction 2, to effect the synthesis of acetylcholine from acetyl phosphate 
and choline. A typical experiment, with Escherichia coli extract as a 
source of phosphotransacetylase, is shown in Table II. Acetylcholine 
synthesis in this system requires CoA, acetyl phosphate, choline, and both 
enzyme preparations. The CoA requirement is rendered complete by 
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ammonium sulfate fractionation of the E. coli extract and dialysis, proce- 
dures which remove CoA present in the initial extract. 


(2) Acetyl phosphate + CoA >= acetyl CoA + phosphate 


Pyruvate As Acetyl Donor—The coupling of pyruvate oxidation with 
the acetylation of choline is due to the formation and further reaction of 
acetyl CoA and has been obtained experimentally through Reactions 3 to 6. 


(3) Pyruvate + DPN+ + CoA — acetyl CoA + DPNH + H* + CO; 
(4) Acetyl CoA + choline — acetylcholine + CoA 
(5) Pyruvate + DPNH + Ht = lactate + DPNt 


(6) Net reaction, 2 pyruvate + choline sedi —_ 


acetylcholine + lactate + CO: 


Reaction 3 is catalyzed by the pyruvate oxidation system (7, 8), Reac- 
tion 4 by choline acetylase, and Reaction 5 by lactic dehydrogenase. 
Table III illustrates typical experiments with the pyruvate dismutation 
system in which either partially purified enzyme Fractions A and B from 
E. coli (7) or ammonium sulfate fractions from pig heart (8) are employed. 
In the presence of choline and choline acetylase, pyruvate oxidation occurs 
to the extent that choline is acetylated. As was shown previously (7, 8), 
little or no pyruvate is oxidized in the absence of an acetyl acceptor sys- 
tem; the choline acetylase system is as effective in this respect as the phos- 
photransacetylase or the condensing enzyme system. The CoA depen- 
dence is also illustrated by the experiments of Table ITI. 

Citrate As Acetyl Donor—It has previously been shown that, in the 
presence of condensing enzyme and CoA, citric acid can act as an acetyl 
donor to several acetyl acceptor enzyme systems including choline acet- 
ylase (5). However, the yields of acetylcholine were small (approxi- 
mately 0.1 um). As already pointed out (5), the enzymatic conversion of 
CoA and citrate to acetyl CoA and oxalacetate (Reaction 7) is favored by 
removal of the latter through reduction to L-malate in the presence of 
DPNH and malic dehydrogenase. In the present experiments with par- 
tially purified choline acetylase, the glucose-glucose dehydrogenase sys- 
tem (9) was used to regenerate DPNH. As shown in Table IV, much 
greater yields of acetylcholine have been obtained under these conditions. 


(7) Citrate™ + CoA + H+ =— acetyl CoA + oxalacetate + H:O 
Methods 


Acetylcholine was determined either by bioassay (10) or chemically. 
To determine acetylcholine chemically in the presence of acetyl phosphate, 
the latter was hydrolyzed by bringing the reaction mixture to pH 4.5 with 
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TaBLeE III 
Pyruvate As Acetyl Donor in Acetylcholine Synthesis 


The basic reaction mixture contained 200 um of potassium phosphate buffer, 
pH 7.4, 2.5 um of MnClo, 4 um of MgClo, 12.6 um of L-cysteine, 0.15 um of DPN, 02 
uM of diphosphothiamine, 20 units of CoA, 50 um of potassium pyruvate, 0.05 mg. 
of lactic dehydrogenase, and purified E. coli Fractions A and B (Experiments 1, 2, 
and 3) or a pig heart fraction (Experiments 4 and 5). To this were added either 
100 uM of choline chloride, 0.34 um of tetraethyl pyrophosphate, and choline acet- 
ylase with 7.6 to 11.3 mg. of protein (experiments ‘‘a’’) or 10 units of phosphotrans. 
acetylase and, if not already present, 100 um of potassium phosphate buffer, pH 74 
(experiments ‘‘b’’). In Experiments 1 and 2, 200 un of tris(hydroxymethy])amino- 
methane buffer, pH 7.4, were substituted for the phosphate buffer, and all the en- 
zymes were dialyzed practically free of orthophosphate. Final volume 3.0 cc. (2.4 
ec. in Experiment 5a). Gas, nitrogen; incubation, 60 minutes at 25-28°. Values in 
micromoles. 


Change on incubation 
Ex- | E. coli or 
acon heart System | Acetyl 
No. protein Pyruvate | Lactate CO: Acetylcholine* | Lewd 
mE. 
la A, 13.9 Complete —9.5 +4.7 | +3.9 (+4.8) | 
6.9 | 
No choline acety- 0 | 
lase | 
| No choline 0 | 
lb Complete 
2a A,7.6 +3.2 | +2.4 (42.2) 
B, 6.5 
| No choline acety- +1.2 0 | 
| lase | 
| No CoA +0.7 | +0.1 (+0.2) 
2b Complete 3 +2.3 
| No transacetylase | | $0.7 
3a A, 16.1 | Complete —25.6 | +13.1. —+8.5 
12.2 | | 
3b © Complete —30.0 | +15.9 | +6.6 
4a 23.0 +3.4 | +2.2 (+2.0) | 
| No choline acety- +1.1 0(0) | 
lase | 
No CoA | +0.7 0(+0.2) : 
4b Complete | 
5a | 34.2 413.5 | +8.4 | 


* Values in parentheses determined by bioassay. 
t When oxalacetate (30 um) and condensing enzyme (76 y) were used as acetyl 
acceptor system, 4.3 um of citrate were formed. 
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1.0 n HCI and boiling it for 5 minutes. Water was added to restore the 
original volume and acetylcholine determined colorimetrically by the hy- 
droxylamine method (11). Pyruvate, lactate, and acetyl phosphate were 
determined as previously described (7). Sulfhydryl was determined ac- 
cording to the procedure of Grunert and Phillips (12) on an aliquot of the 
solution after deproteinization with metaphosphoric acid. L-Cysteine was 
employed as standard. We are indebted to Dr. F. Lynen for a sample of 
acetyl CoA isolated from yeast. Unless otherwise specified, the CoA 
used was a commercial liver preparation (Armour) containing 6 units per 


TaBLeE IV 
Citric Acid As Acetyl Donor in Acetylcholine Synthesis 


Each cc. of reaction mixture contained 50 um of potassium phosphate buffer, pH 
74,4 um of MgClo, 20 um of L-cysteine, 0.19 um of DPN, 20 um of choline chloride, 
100 um of potassium citrate, 50 um of glucose, and 0.03 um of tetraethyl pyrophos- 
phate, plus 8 y of malic dehydrogenase, 600 units of glucose dehydrogenase, 12.5 
units of CoA (170 units per mg.), and choline acetylase with 2.3 mg. of protein (Ex- 
periment 1) or 16 y of malic dehydrogenase, 1000 units of glucose dehydrogenase, 
75 units of CoA (20 units per mg.), and choline acetylase with 5.7 mg. of protein 
(Experiment 2). Final volume, 4.0 cc. (Experiment 1), 2.0 cc. (Experiment 2). 
Temperature 25°. The dehydrogenases and choline acetylase were free of condens- 
ingenzyme. Values in micromoles of acetylcholine determined by bioassay. 


| | 0 min. | 30min. | 60 min. 90 min. 120 min. 
| mg. | 
1 | 0 Ro | | 0 
| 0.42 jaa. 0.72 | 1.35 1.92 2.88 (2.40)* 
2 0 0 | 0 
0.61 0 6.52 (4.70) 


* Values in parentheses determined chemically. 


mg. We are indebted to Dr. F. Lipmann for a preparation containing 
170 units per mg. 

Crystalline condensing enzyme and highly purified malic dehydroge- 
hase were those previously used (5). Purified glucose dehydrogenase from 
ox liver was kindly supplied by Dr. H. J. Strecker. The pyruvate oxida- 
tion fractions of EF. coli and the lactic dehydrogenase were prepared as 
previously (7). For the preparation of the pyruvate oxidation system 
from heart, fresh pig heart was extracted and fractionated with ammonium 
sulfate (8). The precipitate obtained at 50 per cent saturation was dis- 
solved in 0.02 mM potassium phosphate buffer, pH 7.0, and used after dialy- 
sis against the same buffer for 15 hours at 3-4°. 

An acetone powder of squid head ganglion was extracted in the manner 
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previously described (2). The extract was fractionated with ammonium 
sulfate, and the precipitate between 23 and 46 per cent saturation dis- 
solved in 0.02 M potassium phosphate buffer, pH 7.4, and used after dialy- 
sis against the same buffer for 3 hours at 3-4°. The protein content of 
the choline acetylase preparations was determined colorimetrically by the 
method of Gornall et al. (13). 

E. coli 4157 extract as a source of phosphotransacetylase was prepared 
and extracted according to Ochoa et al. (14). The extract was also frac- 
tionated with ammonium sulfate and the precipitate at 60 per cent satura- 
tion dissolved in 0.02 mM potassium phosphate buffer, pH 7.4, and dialyzed 
against the same buffer for 24 hours at 3-—4°. 

Acetyl phosphate was prepared according to Stadtman and Lipmann 
(15). 


SUMMARY 


1. A partially purified choline acetylase from squid head ganglion syn- 
thesizes acetylcholine from acetyl coenzyme A and choline with the ap- 
pearance of a stoichiometric amount of sulfhydry] groups. 

2. With choline acetylase, choline, and catalytic amounts of coenzyme 
A, acetyl phosphate, pyruvate, or citrate acts as an acetyl donor for acetyl- 
choline synthesis in the presence of phosphotransacetylase, the pyruvate 
oxidation system, or condensing enzyme, respectively. 


We wish to thank Mr. Tibor G. Farkas and Mr. Max Cohen for tech- 
nical assistance. 
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AN IMPROVED MICROMETHOD OF PHOSPHATE 
DETERMINATION 


By BASIL C. SOYENKOFF 


(From the Department of Chemistry, New York University College of Dentistry, 
New York, New York) 


(Received for publication, April 28, 1952) 


A highly sensitive method of color development, permitting the colori- 
metric estimation of 0.02 to 0.2 mg. of phosphorus per liter, was described 
in a previous communication (1). The effects of acids and other inter- 
fering substances were the main limitations of the method. 

In the improved method, a readily soluble dye (2-p-dimethylamino- 
styrylquinoline ethosulfate) has been substituted for quinaldine red, which 
had to be brought into solution by prolonged heating. Interference by 
acids, etc., has been reduced and the method adapted to rapid analyses 
with routine equipment. 

Compared with the Fiske-Subbarow method (2), the sensitivity is about 
15 times greater, and the change in readings with time is much smaller. 
On the other hand, the molybdate must be more accurately measured 
and interference by proteins is likely to be larger than in the molybdenum 
blue methods. 

In the determination of inorganic phosphate in blood serum, the im- 
proved method gave 2 per cent lower values than by the amidol-molyb- 
denum blue method. Applications of the method to H:SO, digests (wet 
ashed samples) are being studied. 


Preparation of Dye 


The dye used in the original method, quinaldine red, is the ethiodide 
of 2-p-dimethylaminostyrylquinoline. A more soluble dye was obtained 
by substituting sulfate for the iodide to form an ethosulfate of the styryl- 
quinoline. 

In the preparation, equimolar amounts of quinaldine and diethy] sulfate 
gave quinaldine ethosulfate. The styryl dye was formed by condensation 
of the ethosulfate with p-dimethylaminobenzaldehyde. Finally, the free 
ester linkage was hydrolyzed with CH;COOH, as follows. 

To 26 ml. of diethyl sulfate (redistilled in vacuo at about 100°) were 
added 28.5 ml. of quinaldine (dried, then redistilled in vacuo at about 
130°). The mixture was heated under a reflux on a steam bath for 3 hours 


and, while still warm, was dissolved in 80 ml. of (commercial) absolute 
ethanol. 
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Meanwhile, 30 gm. of p-dimethylaminobenzaldehyde were mixed with 
100 ml. of Cellosolve and 0.3 ml. of morpholine in a 250 ml. wide mouth 
flask. A boiling stone was added, and the mixture brought to 120° on a 
hot-plate in a hood. 

The ethanolic solution was added dropwise during 1.5 hours, the contents 
of the flask being kept at 120—-125°. After an additional half-hour at 
125-130°, the contents were poured, with mixing, into 250 ml. of toluene 
and placed in a refrigerator for 10 hours. 

The crystals were filtered off, washed with toluene, and dissolved in 25 
ml. of warm CH;COOH plus 3 ml. of water. The mixture was heated under 
a reflux on a steam bath for 1 hour, 45 ml. of pyridine were added, and the 
heating continued for 1 hour. The digest was cooled, mixed with 200 ml. 
of toluene, and refrigerated for 2 hours. The crystals were dissolved in 
45 ml. of acetylene tetrachloride at 120° and reprecipitated by adding 200 
ml. of toluene and refrigerating for 10 hours. 

The dye was filtered off, washed with toluene, and dried in vacuo at 
100° for 2 hours. The yield was 34 gm. 

The N and S content corresponded to the formula C2:H2eN2O8, in 
which 1 molecule of 2-p-dimethylaminostyrylquinoline is combined with 
1 molecule of ethylsulfuric acid and 1 molecule of water. The dye gained 
about 5 per cent in weight on exposure to air. 


Reagent Solutions 


Distilled water and Pyrex glassware were used. 

Phosphate standards. Stock phosphate (100 mg. of P per liter) con- 
tained 0.4390 gm. of KH2PO, and 10 ml. of 10 N H2SO, per liter. Stand- 
ards containing 0.05 to 0.5 mg. of P per liter were prepared from the stock 
plus 5 ml. of 10 N HSO, per liter. 

Stock dye solution. 0.1 per cent in water. Stable for half a year in 
the dark. 

Reagent dye solution (volume 200 ml.). To 1.22 gm. of benzoic acid (re- 
agent grade) and 1.23 gm. of nicotinic acid (Eastman Kodak) were added 
94 ml. of water, followed by 2.84 gm. of NH,sHCO; (reagent grade). The 
contents were stirred until dissolved, then 1.18 gm. of succinic acid (re- 
agent grade) were added, and excess CO, liberated by vigorous stirring. 
Next were added 10 ml. of the stock dye, 2 ml. of freshly prepared 1 per 
cent gum arabic (select grade), and 88 ml. of water, with mixing after 
each addition. 

The pH of the solution was 5.60 to 5.64. The reagent was stored in 
glass-stoppered bottles and kept out of direct sunlight. Solutions older 
than 2 weeks were not studied extensively. The most important change 
on aging appears to be in the H2SO, tolerance range (see below). 
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Molybdate-Sulfate—To a freshly prepared solution of 8.85 gm. of am- 
monium molybdate (reagent grade, 81.4 per cent of MoQs3) in about half a 
liter of water were added 270 ml. of 10 N H2SO,, and the solution was made 
up to 1 liter with water. 


Procedure 


Preparation of Samples—The method is mainly intended for solutions 
of ash or calcified tissues in H2SO,, for CC];COOH filtrates and HSO, 
digests diluted to contain 0.025 to 0.125 N acid. HClO, digests are not 
suitable. 

The blood serum samples used in this study were deproteinized with 
9 volumes of 10 per cent CCl;COOH and the filtrates diluted ten times with 
water. 

Development of Color—Into a dry or well drained Klett micro tube 
were measured 2 ml. of the sample and 2 ml. of the dye solution; then 1 
ml. of the molybdate was added from a transfer pipette, with stirring. 
The color intensity was read after 10 minutes. The inside of the tube was 
then rinsed with H2SO,, flushed with an upward jet of water, and the tube 
set to drain in an inclined position. 

The above operations required 25 minutes for three samples, one set 
of tubes draining on the rack while the other three were in use. The 
time could be shortened with the aid of autopipettes, etc., since the color 
readings showed little change after 5 minutes. 

The molybdate should be accurately measured, and the time of out- 
flow of the pipette should not be less than 20 seconds, if maximum ac- 
curacy is desired. The dye can be added from a burette, with about 2 per 
cent accuracy (see under the sources of error). 

The tendency of the dye to deposit on glass, which was troublesome in 
the old method, was not observed here. 

Reading of Color; Calibration Curve—The absorption curves, traced in a 
Hardy photometer, were closely similar to those obtained by the quinaldine 
red method (1), with the maxima centered near 510 mu. 

The samples in the Klett tubes were read in a Klett-Summerson color- 
imeter equipped with a Corning No. 4010 filter of 4 mm. thickness. A 
large reading lens was substituted for the plastic magnifier supplied with 


‘the instrument. To reduce parallax, a mark was made on the pointer 


window, and the eye so placed that the mark fell on the dividing line. 
With the above filter, whose transmission maximum was 25 per cent 
at 525 mu, and the half width 60 my, sufficient pointer response was ob- 
tained for readings to 0.1 division. 
As seen from Table I, the readings deviated appreciably from propor- 
tionality to the phosphate concentrations. Over the range of 0.04 to 0.2 
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mg. per liter, the deviations did not exceed 5 per cent for a concentration 
ratio of 1:2. 

Below 0.08 mg. of P per liter, better proportionality was obtained by 
subtracting the reagent blank from the readings. The blank was smaller 
and the 0.02 mg. per liter reading was larger than in the quinaldine red 
method. Above 0.3 mg. per liter, the readings showed large deviations 
from proportionality. 


Estimates of Precision and Sources of Error 


Drift—Readings of 0.02 mg. of P per liter increased by 0.6 per cent 
between 5 and 10 minutes after mixing, and by an additional 0.6 per cent 
during the 10 minutes following. 


TABLE I 
Deviations from Proportionality 
k = Klett readings at 23°; A, percentage deviations of the total readings from 
proportionality; 6, percentage deviations of readings corrected for the reagent 
blank. 


| 


P in mg. per liter of processed sample 
Age of dye solution! Values of 
0 0.02 0.04 0.08 0.20 0.40 

1 day k 74 + sa 51.4 | 97.6 | 256.7 420.4 

A +14.5| 449 | © +4.8  -16.1 

—-6.1 -25 49.4 

2 wks. k 7.5 28.8 53.1 101.0 254.6 432.7 
412.5 43.3 | 41.6  ~-16.8 

5 ~08| © | 


Readings of 0.1 to 0.2 mg. per liter declined by 0.1 to 0.2 per cent be- 
tween 5 and 20 minutes after mixing. 

Temperature Coefficients—The following estimates are based on tem- 
perature readings of the sample made immediately after the mixing. For 
0.02 mg. of P per liter, +0.3 per cent between 20—-25°; for 0.1 to 0.2 mg. 
per liter, +0.6 per cent between 20—25°; for 0.1 to 0.2 mg. per liter, +0.) 
per cent between 25-30°. 

Amounts and Rate of Addition of Reagents—The following estimates are 
based on Klett readings of processed samples containing 0.1 mg. of P 
per liter. 

A 10 per cent increase in the volume of the dye solution raised the 
readings by 0.7 per cent. A 10 per cent decrease raised the readings by 


Q.2 per cent. 
A 5 per cent increase in the volume of the molybdate lowered the read- 
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ings by 4.0 per cent. A 5 per cent decrease raised the readings by 5.6 
per cent. | 

When the time of outflow of the molybdate was increased from 26 to 
55 seconds, the Klett readings increased by 2.2 per cent. 

Estimates of Precision—The estimates in the accompanying tabulation 
are each based on ten replicate samples, read at 25-26°: P is in mg. per 
liter; a is the mean, in Klett divisions; d is the average deviation, expressed 
in per cent of the mean; V is the coefficient of variation. 


| P a ad V 
Samples in micro tube read after 10 min............... 0.02 29.7 | 0.47 | 0.64 
0.04 | 57.5 0.40 | 0.49 
“mero * * 0.20 | 255.1 | 0.71 | 0.80 


H.SO, Tolerance Range; Effects of Strong Acids—The strong effect of pH, 
observed in the quinaldine red method, was modified or even reversed 
by the precipitating action of some anions on the dye. In the revised 
method, the specific effects of benzoate, nicotinate, and succinate have 
been combined to produce a tolerance range, within which the H.SO, 
concentration of the sample can be varied between 0.025 and 0.125 Nn 
without changing the color reading by more than 1 per cent. As seen 
from Table II, the tolerance range is decreased when the age of the reagent 
dye solution exceeds 2 weeks. Similar findings have been obtained with 
several dye solutions, made from two preparations of the dye. 


TABLE II 
H.SO, Tolerance Range 


P = 0.1 mg. per liter of the sample-reagent mixture; k is the Klett reading at 25°; 
Sis the percentage difference from the reading of the sample which contained 0.05 
N H.SO,. 


| Normality of H2SO« in untreated sample 
Age of dye Values of 


0.025 0.050 0.075 -100 0.125 

1 day | k 129.6 © 128.5 127.4 127.6 128.9 
| A +0.8 © 0 —0.8 —0.7 +0.3 

2 wks. k 129.3 129.9 129.5 130.6 130.1 
A | | 0 —0.3 +0.5 +0.3 

2 mos | k | 129.0 | 128.9 | 129.2 131.1 135.3 


Specific effect of CCl;COOH was not observed in the improved method. 
The P standards containing CCl;COOH gave slightly lower color readings 
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than the standards in 0.5 N H2SQ,, as might be expected from the ob. 
served pH difference (see “Inorganic phosphate content of serum”’), 

HClO, increased the readings and produced upward drifts. 

Other Interfering Substances—Except for serum albumin, the substances 
listed in Table III increased the color readings. The effects of citrate 
and ferric ion were reversed at higher concentrations. 

The tolerance ratios.of silicate and ferric ion compare favorably with 
those reported for the Fiske-Subbarow method (2), while the interference 
by citrate is probably stronger than in the latter method (3). 

Compared with the original quinaldine red method, the effects of citrate, 
of proteins, and of gum arabic (used in the dye solution) have been reduced 
five to ten times. 


TaBLeE III 
Effects of Some Constituents of Biological Samples 
The sample-reagent mixtures contained 0.1 mg. per liter; 7.e. the phosphate con- 
centration was 3.2 X 10-* m and was read 10 minutes after mixing. The tolerance 
ratio is the molarity of the substance which produces 0.5 per cent change in the 
reading, divided by the molarity of the phosphate. 


Substance | Substance 
Ethanol > 6000 Lactic acid 70 
Urea 3300 NaF 40 
NaCl 1000 Fet** as FeNH,(SO,)2 26 
CaCl, 1000 Serum albumin 8* 
Mgt* as MgSO, 200 Na2siO; 7 
Glucose 140 Citric acid 7 


* Calculated from the concentrations in mg. per liter. 


Inorganic Phosphate Content of Serum 


CCl,COOH filtrates were prepared from ten human blood sera, ob- 
tained from nine subjects. Each filtrate was sampled for twelve deter- 
minations by the new method and six determinations by the molybdenum 
blue method (with amidol as the reducing agent). 

Two sets of standards were used in the molybdenum blue method. 
The first one contained 0.5 n H:SO,. The second one contained 8.7 per 
cent CCl;COOH to match the pH value of the filtrates. The color read- 
ings of the second set were about two divisions higher than those of the 
first, but checked closely when corrected for the difference between read- 
ings of the untreated samples. The color readings of the serum filtrates 
were therefore corrected for their sample blanks. The corrections ranged 
from —0.6 to —1.8 per cent. 

The P standards for the new method were prepared by 10-fold dilution 
of the standards used in the molybdenum blue method. The standards 
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containing 0.5 N H2SO, were more alkaline by 0.08 pH unit and gave 
0.8 per cent higher color readings than the standards containing 0.87 
per cent CCl;COOH, which matched the diluted filtrates in pH value. 
The sample blank corrections to readings of the standards and diluted 
filtrates were of the order of 0.1 per cent. 

The inorganic P content of the sera, determined by the new method 
with P standards in 0.87 per cent CCl;COOH as the reference, ranged 
from 2.34 to 5.05 mg. per 100 ml. The values by the molybdenum blue 
method, corrected for the sample blanks, were 0.2 to 3.7 per cent higher 
than the above, the average difference being 2.0 per cent. The uncorrected 
molybdenum blue values, with P standards in 0.5 N H2SO, as the reference, 
were 1.1 to 5.3 per cent (average 3.1 per cent) higher than the values by 
the new method. ; 

Thus, the values by the new method are probably too low by about 
2 per cent. If the preparation of special P standards for serum is dis- 
pensed with, and the standards in 0.05 N H2SQ, are used instead, the ad- 
ditional error is about 1 per cent. These errors are not large, compared 
with the differences reported between two molybdenum blue methods (4) 
which are often used in serum analysis. 


The nitrogen determinations used in determining the formula of the 
reagent dye were made by Dr. Carl Tiedcke of Teaneck, New Jersey. 
Dr. Addison V. Bowman participated in the experiments leading to the 
development of the method. The second estimate of precision is from 
the readings by Mr. Bernardo E. Taylor. The blood samples were ob- 
tained through the kindness of Dr. Harry Blechman and of the do- 
nors. The work was supported by a grant from the United States Public 
Health Service. 


SUMMARY 


The quinaldine red method of phosphate determination has been re- 
vised so as to decrease the effects of pH and interfering substances and has 
been adapted to routine use. The sensitivity, as before, is about 15 
times that of the Fiske-Subbarow method. A precision of 0.5 to 0.8 per 
cent is obtained over the range of 0.02 to 0.2 mg. of P per liter. The 
method is mainly intended for CCl;COOH filtrates, for samples ashed by 
ignition and by digestion in H2SOx,, and for solutions of calcified tissues. 
The accuracy, when applied to serum filtrates, is estimated at 2 per cent. 
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TISSUE CYTOCHROME OXIDASE ACTIVITY AND BODY 
WEIGHT* 


By H. O. KUNKELf anv J. E. CAMPBELL, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 10, 1952) 


Recently there has been evidence of an increasing amount of interest 
in the enzyme systems or factors responsible for the level of the basal heat 
production in the intact animal (1, 2). Krebs (2) and von Bertalanffy 
and Pirozynski (3) have extended the studies of Kleiber and coworkers 
(4,5) in which the Qo, of surviving tissue slices was measured and related 
to body size. In interspecific studies (2, 4, 5), it was noted that Qo, 
values of slices of brain, kidney, spleen, lung, and liver of the larger ani- 
mals were, in general, somewhat lower than the homologous values of the 
smaller species, but the Qo. of most tissues changed much less with body 
weight than did the basal metabolic rate. With some species, particularly 
rats, rabbits, and sheep (4, 5), a systematic decrease of the Qo, values of 
liver slices with increasing size appeared evident, but parallelism over the 
whole series was imperfect. The Qo, for guinea pig, cat, and dog liver was 
found to be approximately the same in each case, while the rate of heat 
production varied widely. The intraspecific studies with the rat as the 
test animal (1, 3) provided results which indicated that a Qo, which re- 
flected changes in basal metabolic rate could be measured in musculature 
(diaphragm) but not in other tissues. These data do not satisfactorily 
explain differences in metabolic rate, but they do suggest interspecific and 
intraspecific differences in the activity of specific enzyme systems of homol- 
ogous tissues which may be related to size or age of animals. 

Tipton and coworkers (6, 7) have reported that thyrotoxicosis results 
in increased liver cytochrome oxidase and succinic oxidase activity. This, 
coupled with the observations of Kunkel and Williams (8) that liver cyto- 
chrome oxidase was elevated in rats suffering from fat deficiency, suggested 
that this enzyme may reflect the changes in metabolic rate accompanying 
variations in body size. Fat deficiency is known to be accompanied by 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. The work described in this paper was aided by the United States 
Atomic Energy Commission under contract No. AT-(11-1)-64, Project No. 7. The 
authors are indebted to Mr. Theodore Ellison for technical assistance. 

t Present address, Department of Biochemistry and Nutrition, Texas Agricultural 
and Mechanical College System, College Station, Texas. 
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increased metabolic heat production (9). Also, although no data were 
presented, Schneider and Potter (10) stated that they had observed a 
liver cytochrome oxidase activity which was greater in young rats than in 
older ones. In view of these observations, it was of interest to determine 
and analyze the variation with body size of cytochrome oxidase activity 
in the liver and in other tissues. In the present work, an intraspecific 
study with the rat as the test animal and an interspecific comparison with 
mice, rats, and dogs were made. In addition, in order to determine whether 
tissues other than liver would show increased cytochrome oxidase with 
thyrotoxicosis, five rats fed a diet containing iodinated casein were in- 
cluded in the study. 


Materials and Methods 


Adult male albino mice weighing 16 to 20 gm., rats of the Sprague- 
Dawley and Holtzman strains weighing 10 to 450 gm. (both sexes were used 
in rats weighing less than 70 gm., the remainder being males), and young 
mongrel and mature beagle dogs of both sexes weighing 5.7 to 12.1 kilos 
were used in this investigation. One immature female cocker spaniel dog 
weighing 1.4 kilos was included in the observations. All animals had been 
fed an adequate stock diet and no attempt was made to fast the animals 
before sacrificing them. When used, iodinated casein was fed at the 
level of 0.25 per cent of the diet. 

Although liver was the principal organ of study, skeletal muscle, kid- 
ney, and brain tissues were obtained from the mice, rats, and the 14 
kilo dog. In addition heart muscle was obtained from five rats weighing 
280 to 320 gm. for comparison with heart muscle from four dogs weighing 
6.5 to 8.4 kilos. In the enzyme studies, the rats and mice were sacrificed 
by decapitation. The dogs were killed by air embolism or by exsanguina- 
tion from the carotid artery following Nembutal anesthesia. 

The desired tissues were removed immediately after the animals were 
killed and chilled in cracked ice or, as with the relatively soft tissues of 
the young rats, in cold isotonic KC] solution. A portion of each tissue 
was quickly weighed, homogenized in 9 volumes of ice-cold distilled water, 
and strained through gauze to remove unhomogenizable connective tissue. 
The homogenate was then diluted to homogenates of 0.5 to 5 per cent 
tissue, depending upon the activity of the tissue, so that convenient, fairly 
accurate measurements could be made. Cytochrome oxidase activity 
was measured according to the manometric method of Schneider and 
Potter (10). All enzyme activity was assayed in a Warburg bath main- 
tained at 37°. Aliquots of each homogenate were taken for nitrogen de- 
terminations in duplicate by using a micro-Kjeldahl procedure. 
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RESULTS AND DISCUSSION 


The results indicate that, except for very young rats, the cytochrome 
oxidase activity of liver from the rat, mouse, and dog is roughly an inverse 
function of the body mass. The average cytochrome oxidase activities 
(calculated as the O2 uptake per hour per mg. of moist tissue) of livers 
from groups of seven or more 16 to 20 gm. mice, 25 to 33 gm. rats, 65 to 75 
gm. rats, 360 to 450 gm. rats, and 5.7 to 12.1 kilo dogs were found to be 
148.6, 116.9, 86.9, 75.7, and 25.1 yl. of O2 per hour per mg. respectively. 
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Fic. 1. Logarithm of liver cytochrome oxidase activity (A) as ul. of O2 per hour 
per mg. of moist tissue of mice, rats, and dogs compared with logarithm of body 
weight (W). ‘‘Thyroprotein’’ indicates animals fed iodinated casein. The solid 
line indicates the regression of the interspecific comparison and the dotted line the 
regression of the comparison between rats of different sizes. 


A variation from this generalization was noted with the very young rats 
in that the cytochrome oxidase level of livers from four rats weighing 10 
to 12 gm. averaged only 103.5 ul. per hour per mg. of moist tissue. This 
low activity observed for the new-born rat is in agreement with the ob- 
servations of Potter et al. (11). On the other hand, it is known that liver 
placed in water or saline solutions rapidly takes up water, and thus this 
may account in part for the low activity of livers of young rats since these 
livers were chilled in cold isotonic KCl solution. 

®.The character of this cytochrome oxidase-body weight correlation may 
be expressed in mathematical terms by plotting the logarithms of the ac- 
tivity levels (log Ajiyer) against the logarithm of the body weight in gm. 
(log W). This has been done in Fig. 1 and it can be seen that the data 
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may be fitted with two straight lines describing an interspecific regression 
by using data from all three species and an intraspecific regression with 
data obtained from the rat. A statistical evaluation yields the interspe. 
cific equation 

log Ajiver = 2.499 — 0.275 log W + 0.070 


and the intraspecific equation for rats 
log Ajiver = 2.272 — 0.165 log W + 0.062 


where the values 0.070 and 0.062 are the caleulated standard deviations 
from the regression. 
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Fic. 2. Average logarithm of liver cytochrome oxidase activities (A) as.ul. of 0, 
per hour per mg. of nitrogen compared with the average logarithm of body weights 
(W) of defined weight groups (+10 per cent of average weight). 


The above data are described in terms of fresh weight of the liver. In 
order to determine the possible effects of variation in liver protein due to 
dilution with tissue water, lipide or glycogen, or unhomogenizable connec- 
tive tissues, a plot similar to the one described above was made with data 
in terms of liver nitrogen. This is shown in Fig. 2 where the average of 
the enzyme activities is plotted against average weights of defined groups 
(+10 per cent of the mean) of four to ten animals. It can be seen that 
these averages adhere very closely to a single regression line rather than to 
the two lines described by the data based on moist tissue weight. Even 
the data obtained from 10 to 12 gm. rats, as indicated by the point in the 
upper left hand corner of the figure, appear to fit the curve. This suggests 
that a simple quantitative relation may be established in which the very 
young animals of one species may be compared with the mature animals 
of another. The equation for the line described by the plot in Fig. 2 1s 


log Aliver permg.N = 3.934 — 0.237 log W 
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Data obtained with five rats fed the stock diet with added iodinated 
casein (thyroprotein) for 7 to 10 days are included in Figs. 1 and 2. In 
agreement with the observations of Tipton et al. (6, 7) iodinated casein 
was found to produce a substantially elevated liver cytochrome oxidase 
activity. 

Data obtained with muscle, brain cortex, and kidney are summarized 
in Table I. With brain and kidney there appears to be no clear cut rela- 
tion between the cytochrome oxidase activity per unit weight of tissue and 
body size. The activities obtained with adult mice and rats are not sub- 
stantially different, while the activities of liver differed by a factor of 2. 
Here, too, these tissues, when taken from young animals appear to contain 
less cytochrome oxidase than those of older animals. Cytochrome oxidase 
activity increased in the brain and kidney of rats until they reached a 
weight of 67 to 75 gm. This increase with age may be seen to occur When 
activities are reported both on a moist weight and on a nitrogen basis. 
The low values obtained with the dog may be due to an inherent decrease 
of brain and kidney cytochrome oxidase with body size or it may be, as 
with the young rats, a reflection of the young age of the animal. Un- 
fortunately data with adult dogs are not available at this time. 

The situation with muscle approaches that with liver. Except for data 
obtained with the 25 to 33 gm. rats and the mice, the cytochrome oxidase 
of skeletal muscle is roughly an inverse function of body size. The re- 
sults from the small animals may, however, be somewhat inaccurate. It 
was difficult to obtain enough tissue from the psoas muscle to run the tests 
and so the semitendinosus and other leg muscles were included. Also, 
we were unable to free completely muscle tissue of the smaller animal 
from the less active connective tissue. If the data from muscle of rats 
weighing 65 to 450 gm. are considered, a regression coefficient of —0.241 
may be calculated. : 

Brody (12) has suggested that basal metabolism may be referred to W°-78 
while Kleiber (13) has suggested the less precise W‘. If one accepts the 
¢ power rule, then the basal metabolic rate per unit weight may be esti- 
mated to be proportional to W~*. It is interesting to note that, where 
there is a change in cytochrome oxidase activity per unit weight of tissue, 
this change is proportional to the body weight raised to a power not very 
different from —+ (Table II). This appears to include not only liver and 
skeletal muscle, but also cardiac muscle when compared interspecifically 
between rats and dogs. In view of the close relationship of cytochrome c 
to cytochrome oxidase, it also is interesting to note that Rosenthal and 
Drabkin (14) have found the concentrations of cytochrome c to follow, in 
interspecific comparison of tissues of the mouse, rabbit, dog, guinea pig, 
and horse, a regression line approximately similar to that obtained with 
cytochrome oxidase activities in the present study. This suggests that 
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TaBLeE I 
Cytochrome Oxidase Activity of Brain, Kidney, and Skeletal Muscle of Animals of 


Different Sizes 


The values are given in microliters of O2 per mg. per hour. 


Species 
gm. 
Mouse 18.0 
Rat 11.1 
28.0 
69.6 
168.0 
399.0 
Rat, fed io-| 139.6 
dinated 
casein 
Dog 1405 


Activity of brain Activity of kidney Activity of muscle 
| 
S E Based Based 
Based Based | Based Based 
6t| 78 4040 | 136 5130 | 32 1430 
4 | 30 2240 45 2450 
11 | 50 + 4.8f) 2960 | 81 + 20.0 | 3760 | 31 + 3.8 | 1550 
7 | 71 + 3.5 | 3800 | 125 + 17.4 | 5060 | 38 + 6.4 | 1600 
4 | 65 + 4.2 | 3460 | 142 + 8.1 | 5950 | 26 + 3.4 | 139 
7 | 69 + 7.2 | 3730 | 125 + 13.9 | 4900 | 24 + 5.8 | 1200 
5 | 73 + 7.6 | 3790 | 134 + 20.8 | 5460 | 50 + 6.6 | 1800 
1 | 35 2240 | 57 2650 | 15 640 


* All the animals within a group weighed within 10 per cent of the average weight. 
t Only three mice were used with muscle. 


¢t Standard deviation. 
of animals were too small or the tissues were pooled from 
terminations. 


TaB_e II 
Summary of Relation of Cytochrome Oxidase Activity to Body Mass 


Where the standard deviation is not given, the numbers 
two animals for the de- 


Liver Mouse, rat, and |, Per mg. moist liver, W~°-275 —0.97 
dog «liver N W-0.24 
Rat (25-450 gm.) moist liver; W~°-"7 —().81 
«liver N 
** total organ W 0.80 +0.96 
Skeletal muscle | Rat (65-450 gm.) ‘* mg. moist mus-| W~°-*4 —0.69 
cle 
Cardiac muscle ** and dog Per mg. moist mus-| W~°-3! —0.92 
cle 
Brain ** (11-450 gm.) Per total brain W 9.23 +0.87 
Adult rat and +0.89 
mouse 
Kidney Adult rat and ‘kidney W°.70 +0.85 
mouse 


* Calculated only when individual data were used to determine the regression 


coefficient. 


In all cases, the regressions were statistically highly significant. 
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the concentration of the entire cytochrome system may reflect these 
changes with body size. 

Total cytochrome oxidase activity may also explain in part the variation 
of metabolic rate in relation to body size. To test this partially, the total 
activity of the liver and brain of rats (10 to 450 gm.) was evaluated statis- 
tically and compared to body weight (Table II). The liver was found to be 
roughly proportional to body weight, and the total liver cytochrome oxi- 
dase was proportional to W®-*°, again not greatly different from W?. 
Brain varied widely, ranging from 4.4 per cent of the body weight in the 
10 to 12 gm. rats to 0.45 per cent of the body weight in the 400 gm. rats. 
Total brain cytochrome oxidase increased most nearly with the 0.23 power 
of body weight. Also, a similar situation may be noted when brain size 
and total cytochrome oxidase activity of rats are compared with those of 
mice. Adult mouse brain made up 2.3 per cent of its body weight and 
when adult mice and rats are considered we find that total brain cytochrome 
oxidase is proportional to W°-4%, A similar calculation of total kidney cyto- 
chrome oxidase of adult rats and mice showed a relationship to the 0.70 
power of body weight. However, no similar generalization could be made 
with kidney for the different sizes of rats. 

From the data presented here it is suggested that the cytochrome 
oxidase activity, and perhaps the cytochrome c content (14) as well, re- 
flect the basal metabolic heat production of an animal. It cannot be 
stated at this time whether the basal metabolic rate is strictly controlled 
by the level of body cytochrome oxidase or whether the cytochrome 
oxidase activity level is established in an adaptive fashion by the meta- 
bolic needs of the animal. In data from all of the organs or tissues 
studied, with the possible exception of brain, there was a suggestion that 
the total cytochrome oxidase in the body varied with W°? in adults of 
the species used. Also, the intraspecific observations are not out of line 
with previous reports concerning the basal metabolism. Kibler and Brody 
(15) have noted that the metabolism per unit surface area or per unit body 
weight rises until the rat is about 35 days old or weighs 70 to 100 gm. 
Muscle, brain, and kidney showed a continuous rise in cytochrome oxidase 
activity until rats weighed about 70 gm. Moreover, we have calculated 
from the data of Brody and Kibler the metabolism of 29, 69, and 161 gm. 
male rats to be respectively 0.22, 0.25, and 0.17 kilocalories per gm. of body 
weight per day. Thus, when these values are compared, the ratio of 
1.0:1.2:0.8 is obtained. This is exactly the ratio of skeletal muscle 
cytochrome oxidase activities which was obtained with rats of the same 
sizes in the present study (see Table I). 

The data also suggest that the oxidative activity of a particular organ 
is reflected in its cytochrome oxidase content. Fazekas, Alexander, and 
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Himwich (16) have shown that cerebral oxygen uptake increases with age 
in the young rat. This is also true of cytochrome oxidase, as shown by 
Potter et al. (11) as well as by the present work. It may be that the 
cytochrome oxidase activity may be used to ascertain the effect that vari- 
ous hormonal, dietary, and physiological treatments might have upon the 
oxidative activity of a particular organ. Concerning this point of view, 
it is to be noted that, while liver and muscle respond to thyrotoxicosis, 
brain and kidney appear to be relatively refractive. 


SUMMARY 


Cytochrome oxidase activity was studied in various organs of the mouse, 
rat, and dog with regard to its relation to body size. With the exception 
of very young rats, liver cytochrome oxidase is inversely related to body 
size. Skeletal muscle appeared to have a similar relationship with body 
size in 65 to 450 gm. rats. No simple relation to body size was found with 
brain or kidney cytochrome oxidase. Calculations of total liver, kidney, 
and brain and of the activities per unit weight of skeletal and cardiac 
muscle suggest a direct relationship to metabolic rats. When iodinated 
casein is fed to rats, the cytochrome oxidase activities of liver and skeletal 
muscle are markedly increased while the activities of brain and kidney are 
increased only slightly or not affected at all. 
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THE FORMATION OF AMINO ACIDS FROM CARBOHYDRATE 
CARBON IN THE MOUSE* 


By ROBERT STEELE 
WITH THE TECHNICAL ASSISTANCE OF EVEMARIE CELOZZI 
(From the Department of Biology, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, March 20, 1952) 


Ingested carbohydrate should supply some carbon to all of the carbon- 
containing compounds of the body with the possible exceptions of (1) 
the essential dietary constituents and (2) whatever other compounds are 
derived exclusively from the essential dietary constituents. 

It has not been known, in the strict sense, whether or not the essential 
amino acids arise by net synthesis from carbohydrate carbon, but at rates 
much lower than the rates at which the non-essential and the partially 
dispensable amino acids are formed. Besides this, it is theoretically pos- 
sible that metabolic routes exist whereby one of the carbon atoms of an 
essential amino acid exchanges with a carbon atom derived ultimately 
from sucrose. This would be analogous to the known replaceability of 
the a-amino nitrogen of most of the essential amino acids (1), and might 
imply the existence of a compound not normally present in the diet which 
could serve as a metabolic precursor for the essential amino acid in question. 

In a paper published after the present work was nearly completed Rafel- 
son, Winzler, and Pearson (2) reported that homogenates of mouse brain 
incubated with C'4-glucose produce essential amino acids containing C™. 
They mention, without giving experimental details, that in ‘“. . . 1 day-old 
mice injected with radioglucose, little or no incorporation of radioactive 
carbon from glucose into the essential amino acids was observed.” 

In the present communication it is shown that uniformly tagged C™- 
sucrose, after ingestion by the adult mouse, does not contribute a detect- 
able amount of carbon to any of a number of essential amino acids isolated 
from mouse proteins. Furthermore it is shown that synthesis from the 
carbon of ingested sucrose is not involved in the production of tyrosine 
by the adult mouse. This complements the evidence of Womack and 
Rose (3), Moss and Schoenheimer (4), and Udenfriend and Cooper (5), 
to the effect that phenylalanine is the principal precursor and probably 
the sole precursor of tyrosine in the rat. 


* This research was carried out at the Brookhaven National Laboratory under the 
auspices of the United States Atomic Energy Commission. 
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EXPERIMENTAL 
Materials and Methods 


Uniformly tagged C'-sucrose was the gift of Dr. Martin Gibbs of this 
Department. Its preparation by a photosynthetic process and the deg- 
radation of its glucose and fructose moieties to establish uniformity of 
tagging are described elsewhere (6, 7). 

The mouse used was a C57 black male, 3 to 4 months of age, weighing 
23.1 gm. 

The single dose of C'-sucrose was administered in solution together 
with a mixture of amino acids in such a way that the relative proportions 
of sucrose and the various amino acids were the same as in Ration 39 of 
Maddy and Elvehjem (8). The mouse was deprived of food and water 
for 18 hours (overnight), and given by a dropper a small amount of C” 
sucrose-amino acid solution of the composition described above, contain- 
ing about 75 mg. of sucrose; then 33 hours later the C'-sucrose-amino acid 
solution was administered by dropper. The mouse drank the solutions 
voluntarily from the dropper, which was weighed before and after the 
administration of the dosing solution. The amount of C"-sucrose ingested 
was 166 mg., which contained 470 ue. of C%. The incorporation of the 
C!2-amino acids in the C™-sucrose dose and the special dosing conditions 
described above were adopted for another purpose, and it is believed that 
they are not a necessary part of the present experiment. Before and 
after the sequence of events described above, the mouse was fed ad libitum 
with Purina laboratory chow. 

The mouse was killed 3 days after the ingestion of C-sucrose. The 
gastrointestinal tract from just above the stomach to the rectum was 
removed and discarded and the entire remainder of the carcass was 
crushed to small bits at liquid nitrogen temperature. Of this a representa- 
tive 3 gm. sample was homogenized in distilled water. The homogenate 
was treated with trichloroacetic acid at 0—-5°, and the sediment washed 
with cold trichloroacetic acid and then with ethyl alcohol; fat was ex- 
tracted by refluxing with 3:1 alcohol-ether, and nucleic acids removed 
with hot trichloroacetic acid. This procedure is described in detail by 
Schneider (9). The purified mixed proteins in the final sediment were 
hydrolyzed for 18 hours under a reflux at 130—-135° with 100 ml. of 6N 
HCl and concentrated to near dryness in vacuo under Ne at temperatures 
under 100°, and the subsequently diluted concentrate was filtered through 
paper, made to a final volume of 8 ml. at 1.5 Nn HCl concentration, and 
placed at the top of the Dowex 50 chromatographic column described by 
Stein and Moore (10). 

The amino acids successively eluted from the column with HCl were 
identified by their positions in the pattern of ninhydrin responses in the 
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column eluates, as described by Stein and Moore (10). Ninhydrin color 
reactions were carried out as described by Moore and Stein (11) on 0.41 
ml. aliquots evaporated to dryness at room temperature 7m vacuo over 
solid NaOH to remove both HCl and H.0. 

When C" activity was found in association with an amino acid, aliquots 
of several chromatographic fractions were taken for analysis in such a 
way that about a 2-fold difference in ninhydrin response from aliquots of 
equal volume was represented. Approximately constant specific activity 
of the amino acid in the several chromatographic fractions was taken as 
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Fic. 1. Portions of the chromatogram (of the hydrolysate of mouse proteins after 
ingestion of C'4-sucrose) in which incomplete separation of amino acids occurred. 
Optical densities are for 0.41 ml. aliquots subjected to ninhydrin reagent, as described 
in the text, and were read at 570 mu. 


satisfactory evidence that the C™ was incorporated in the amino acid in 
question. No C™ was found at positions other than those occupied by 
amino acids. Fig. 1 shows the portions of the chromatogram in which 
incomplete segregation of the amino acids was experienced. Comparison 
of Fig. 1 and Table I demonstrates how it was possible to draw conclusions 
regarding the C content of the incompletely segregated amino acids. 

Aliquots of chromatographic fractions taken for C™ assay varied from 
0.25 to 1.00 ml. Enough of the corresponding C-amino acid was added 
to each aliquot to yield about 3 mg. of carbon for combustion. These 
mixtures were evaporated to dryness at room temperature in vacuo over 
NaOH and oxidized, and the C“O, counted in the gas phase as described 
by Van Slyke, Steele, and Plazin (12). 
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TaBLeE I 
C'+ in Amino Acids of Mouse Proteins after Ingestion of C'4-Sucrose 


Valine 


Isoleu- 
cine 
Phen- 
ylal- 
anine 

Tyro- 
sine 
Lysine 
Histi- 
dine 
(NH3) 
Threo- 


nine 


Cys- 
tine 
Methi- 


onine 
“ 


Proline 


Argi- 


Amount of amino 


acid in 0.41 ml. 


aliquot* 


y- 


drin color, times 


576 


nine 
“ 


Dilution of ninh 


. 
— 


SS & 


0.70 


Optical density of 
diluted color 


0.76 
0.54 


0.20 


0.35 


0.93 
0.90 


0.23) 0.0517 


0.228 
0.0668 


(0.516 ) 
0.525 


0.632 
0.452 
0.174 
0.745 
0.647 


cu activity in aliquot taken for 


SS SER SS SE SE 


COCO 


— 


Volume of aliquot | 


SS 


Specific activity of total C of 


combustion amino acid from chromatograph 
Ns = NG — NB |. 

Amino Net counting | Value for individ- | Selected value 
acid Cf ual fraction§ amino acid} 
(mean value) 

(c) (e) | 

mg. c.p.m. muc. per mg. C | Muc. onan 
0.0581 2.5 + 1.7; 0.02 + 0.014 
0.0187 2.0 + 1.7) 0.06 + 0.05 
0.0119 0.5 + 1.8) 0.02 + 0.07 
0.0136 Q + 1.7) 0 + 0.07 
0.0400 0 + 1.8) 0 + 0.02 
0.0117 1.5 + 1.8) 0.07 + 0.08 
0.5 + 1.8 
0.0614) 8&3 + 2 0.65 + 0.02 
0.0739; 17 + 1.8) 0.12 + 0.01 
0.0528 8.5 + 1.7) 0.09 + 0.02 0.09 + 0.02 
0.0204 10 + 1.8) 0.27 + 0.05 
0.0163) 268 + 3 8.5° + 0.1 | 
0.0142] 224 42.583 + 84 £00 
0.0100; 100 +2 |5.3 + 0.1 
0.0057; 58 + 2 5.3 + 0.2 
0.0145, 138 +2 149 
0.0101 97 + 2 5.0 + 0.1 
0.0050 16 + 2 1.6 + 0.2 
0.0029 19 + 2 3.3 40.3 3.3 +0. 
0.0070 13 + 2 1.0 + 0.1 
0.0110 213 +2 +0.1{ 
0.0074 17 + 2 1.1 + 0.1 
0.0197) 114 + 2 3.0 + 0.1 
0.0274, 168 + 2 3.2 + 0.0) 3.1 +0.1 
0.0363 212 + 3 3.1 + 0.0 
0.0304 182 + 2 3.1 + 0.0 

9 

0.0237/ 138 +2 +0.1( 
0.0125 67 + 2 | 2.8 + 0.1 


: | | | Amino | | 
acid | 
| | 
| | | 
| | | 
154 0.397 
268 1.00 0.107 1 
| | 
608 | 1.00 0.0449 | 
| | | | 
: 324b 1.00 | 
196b | 
224b) | 
| | 
33 | 2.65) | 
34 5.110.58 
35 3.47 0.61 
36) “ 
30 |Serine |5.11/0.69) 
31.) “  |5.11/0.60 
0.456 
94 Gly. 5.11/0.39| 0.389 
cine | Be 
| 9% “ 0.992 | 
d 97 0.688 | 
346 0.16) 0.057 | 
| 
352 10.09) 0.033 | 
245 10.24) 0.048 | 
248 = 0.075 
173 0.37) 0.270 
| 174 = 0.51, 0.374 | 
177 | ™ 0.248 
569 0.85 0.173 | 
| 0.68 0.135 
0.36 0.071 
| 240 


TaBLE I—Concluded 


| Amount of amino 


in C activity in aliquot taken for 


| Specific activity of total C of 
combustion ' amino acid from chromatograph 


aliquot* 
No. | aid | | Ns =No—Np 
Amino | = | Amino Net counting Value for individ- | Selected value 
acid acid Cf ratet ual fraction§ for amino acidjl 
| (mean value) 
| a 1s | 
| (a) (b) (c) | (e) 
| uM ml. mg. c.p.m. | muc. per mg. C  muc. per mg. C 
33 Aspar- 2.651.00 0.624 0.25 0.0183 522 43 14.9 +0.1 
tic | 
 “ (5.1110.93 1.109 [0.25 0.0324, 972 +44 15.8 +0.1/ [198 
% |5.110.72) 0.836 0.25) 0.0245| 781 +44 16.6 + 0.1 
40 ‘Glu- 5.11/0.88 0.876 (0.25) 0.032011269 +6 20.9 +0.1 
tamic 
0.565 (0.25! 0.0207 746 +3 18.9 +0.1f = 1-9 
45 “ 0.262 0.0096 306 +2 117.1 +0.1 
105 | Al- 5.110.83! 0.855 0.25) 0.01881041 + 5 (28.8 + 0.1 
anine 26.5 + 3.3 
107 “ |1.82:0.52 0.185 0.25) 0.0041, 188 42 24.1 +0.3 


* Calculated as described by Moore and Stein (11). 

t (c)= (b)/0.41 & (a)W/1000 where W represents micrograms of C in 1.00 um 
of the amino acid. 

t Nz, Ng, and Ng are used here in the same way as by Van Slyke, Steele, and 
Plazin (12). Ng, the background counting rate in counts per minute, was de- 
termined frequently for each tube and is a number close to 80. Standard errors of 
counting rates, expressed in counts per minute, were calculated from the expression 
+N/./M, where N is the counting rate and M is the total number of counts recorded. 
Thus for Nz, since 2500 counts of background were taken routinely, the standard 
error is +80/4/2500 or +1.6 c.p.m. Each combustion was run at least in duplicate, 
but, since our various counting tubes are similar in characteristics, it is instructive 
to list the mean value of the net counting rate (Ng) of the replicates. The stand- 


arderror of Ng was calculated from the expression ++/(1.6)? + (N@/WMoa)? ¢.p.m., 
where Ng is the mean gross counting rate of the replicates and Mg is the total 
number of gross counts observed in all the replicates lumped together. 

§ Calculated as in Van Slyke, Steele, and Plazin (12); (e) = Ng/(2220 XK 0.98Vp 
X (c)). Each combustion sample was calculated to (e) individually and the final 
results were averaged; the standard errors listed are in proportion to those cal- 
culated for the Ng values. 

| Rejection of the values for some fractions of threonine, serine, and cystine be- 
cause of interference from other amino acids is described in the text. Thestandard 
errors in normal type are calculated from the expression ++/2(A?)/(N — 1), where A 
is the deviation from the mean value of the several fractions and N is the number 
of fractions; these have nothing to do with counting errors. The standard errors 
in bold-faced type for threonine and cystine are counting errors carried over from 
column (e); aside from counting errors these particular values may be incorrect, 
because it is not possible to be sure that the selected fraction is absolutely free from 
admixture with an adjacent amino acid (see Fig. 1). 
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Ninhydrin response was used to calculate (11) the micromolar cop. 
centration of amino acid in each fraction obtained from the chromato. 
gram, and from this and from the results of the C™ counting was caleu- 
lated (12) the average specific activity of the carbon of the amino acid jn 
millimicrocuries of C™ per mg. of C. 

Findings 

Table I gives the results of the analyses. Fig. 1 shows the ninhydrin 
response curve at points where incomplete separation of amino acids was 
obtained. 

In Table I, Fraction 35, containing threonine, is selected as most repre- 
sentative for this amino acid because Fractions 33 and 34 contain C" 
from the tail of the serine peak and Fraction 36 contains C™ from the 
beginning of the glutamic acid peak. Likewise Fraction 32, containing 
serine, is rejected because it contains some C"™-free threonine, producing a 
low value of serine specific activity as calculated from this fraction. Also 
Fraction 346, containing cystine, is rejected because it contains leucine, 
presumably C"-free, which results in too low a value for the specific ae- 
tivity of cystine as calculated from this fraction. All of the leucine frac- 
tions were unfortunately misplaced and could not be analyzed for C", 


DISCUSSION 


The absence of sucrose-derived carbon from the essential amino acids 
is striking (see Table I). It was anticipated that small amounts of radio- 
activity resulting from the action of intestinal bacteria might be present 
in these amino acids, even though the mouse proper was unable to in- 
troduce it in these locations. Now it is not necessary to consider this 
complicating factor. 

n connection with the experiments of Rafelson et al. (2), who found 
C" in essential amino acids after incubation of mouse brain homogenates 
with C™ glucose, it is to be noted that the mouse brain proteins in our 
experiment were diluted more than 100-fold by the proteins of the rest of 
the carcass. Thus our findings do not eliminate the possibility that brain 
in vivo has the capacity to synthesize essential amino acids from carbo- 
hydrate carbon. However, our findings do show that any such capacity 
is insignificant in terms of the requirements of the whole mouse. 

The conditions of the present experiment, involving the administration 
of an enormous dose of sucrose-C“ and a long period (3 days) between 
dosing and killing the animal, are favorable for the detection of possible 
minor metabolic routes to the essential amino acids through intermediates 
with low turnover rates. As shown by unpublished results from this 
laboratory, the peak of CO, excretion occurs about 80 minutes after 
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ingestion of C'*-sucrose, and the specific activity of the respiratory CO, 
thereafter falls rapidly until about 3} hours after ingestion. At the 33 
hour point in time the specific activity of the respiratory CO, after a dose 
of sucrose-C™ such as was administered in the present experiment is about 
500 myc. per mg. of C; at the 72 hour point in time it is still about 10 
myc. per mg. of C. The median specific activity of the total carbon of 
twenty-eight individual tissues of the mouse at the 72 hour point in time 
is about 11 myc. per mg. of C. These figures are to be compared with 
0.10 muc. per mg. of C, which is about the highest level of C™ in the es- 
sential amino acids which could escape quite certain detection in the pres- 
ent experiment. The specific activities of the non-essential amino acids 
(Table I) show the order of magnitude of specific activity associated at 
the 3 day point in time with protein-bound amino acids which are derived 
in part from carbohydrate carbon. 

Inasmuch as proline has been shown to be interconvertible with the 
ornithine moiety of arginine (13), and because proline is found to be 
tagged in the present work (Table I), it is certain that some of the C™ 
in our arginine (Table I) is present in the ornithine moiety. However, 
arginine contains an additional carbon atom which is exchangeable with 
the carbon of the bicarbonate pool during the periods when arginine exists 
as the free amino acid in the liver. Hence degradation of the arginine will 
be necessary for measurement of the C™ content of its ornithine moiety. 

Probably the only carbon position of methionine capable of incorporat- 
ing sucrose carbon is the methyl] group, and this by the pathway through 
formate established by Sakami and Welch (14). The carbon of the homo- 
cysteine portion of the molecule must apparently be delivered from ex- 
ternal sources before methionine synthesis can occur in the rat (ef. (15)). 
Degradation of the methionine recovered in the present experiment should 
confirm the essential nature of the carbon of the homocysteine moiety of 
methionine. If it is assumed that all of the C™ in the methionine 
is located in the CH; group, this carbon atom would have a specific ac- 
tivity of 5 myc. per mg. of C, as compared with glycine at 5.1, serine at 
8.4, and cystine at 3.3. 


We wish to express our thanks to Dr. W. H. Stein for helpful advice 
with regard to the chromatographic procedures, and to Miss Jane Harting 
for assistance in running the chromatographic separation of the amino 
acids, 


SUMMARY 


The essential amino acids valine, isoleucine, lysine, histidine, pheny]- 
alanine, and threonine, isolated from mouse proteins 3 days after the in- 
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gestion of uniformly tagged C'*-sucrose, do not contain detectable amounts 
of carbon derived from carbohydrate. Serine, glycine, cystine, methio- 
nine, proline, arginine, aspartic acid, glutamic acid, and alanine, isolated 
from the same proteins, contain various amounts of carbon derived ulti- 
mately from carbohydrate. | 

Tyrosine, isolated from the same proteins, does not contain a detectable 
amount of carbon derived from carbohydrate; no doubt tyrosine is de- 
rived solely from ingested phenylalanine. 
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TURNOVER OF BONE CARBONATE 
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The curious physicochemical properties of bone carbonate, long a matter 
of interest (1), have not been adequately correlated with recent findings on 
the turnover of this substance during life. Following the intraperitoneal 
implantation of CaCO, pellets into a rat, Armstrong et al. (2) found the 
specific activity of bone carbonate to be several times that of body tissue 
carbon. Later Schubert and Armstrong (3) found slow diminution of 
isotopic bone carbonate following parenteral Na2C™O,; in growing and adult 
rats, thus failing to confirm the findings of Bloom et al. (4) who noticed no 
loss of isotope from bones of young rats over a 4 month period. Skipper 
and coworkers (5, 6) and Brues and Naranjo (7) have subsequently pub- 
lished observations consistent with those of Schubert and Armstrong (3). 
There is now little reason to believe that bone carbonate becomes metabol- 
ically inert after being deposited. However, it is still difficult to reconcile 
the apparent rapid uptake of isotope with its slow excretion. The tech- 
nique of prolonged continuous exposure of animals to CQO, in air (8), which 
differentiates and determines the dynamic factors of CO, turnover more 
clearly than does the single dose technique, has been employed here to 
study the turnover of bone carbonate in both adult and growing animals. 


Theory 


A prime condition in the present experiments was that the animals be 
kept in an atmosphere containing a constant concentration of C“O2. In 
this way the specific activity of internal CO.-bicarbonate is held at a steady 
level for indefinite periods. The probable dynamics are best understood 
by considering two independent systems, one labeled and the other un- 
labeled. The labeled system consists of the C“O, molecules in the air, 
alveoli, blood, intercellular fluid, cells, etc. If the partial pressure of 
these radioactive molecules is held constant in the air, equilibration will 
sooner or later occur throughout the entire animal. Concentrations of 
C“O,-bicarbonate in different sites will, of course, vary according to the 
respective CO, absorption coefficients and bonding capacities of blood, 
cells, etc.; moreover, owing to a difference in temperature, a small gradient 
in the C4O, concentration will exist between the ambient air and alveoli. 
However, the tendency of labeled molecules to escape into adjacent phases 
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and structures will be equal everywhere. Previous data (9) may be inter. 
preted as showing the equilibration to be essentially complete in less thay 
1 hour when mice are placed in such an atmosphere. 

The unlabeled system does not equilibrate. There is a large gradient 
of CO, partial pressure between the respiring cells, on one hand, the am- 
bient air, on the other. As the unlabeled CO, continuously moves from 
cells to ambient air, its partial pressure diminishes at each step, and the 
specific activity of the complete CO.-C™QO, system increases at each step, 
Table I, based on accepted values for CO, tensions, gives the assumed 
specific activity of CO. under these conditions for specific loci in mammals 
(relative to alveolar CO.). If the partial pressure of total COs» in the air 
is elevated above the normal value, the specific activity of air COs is re. 


TABLE 


Assumed Relative Specific Activities of Various Compartments of Mammals Living in 
C'40.-Labeled Atmosphere 


Compartment Partial pressure of CO: | Specific activity of CO; 


mm. Hg | per cent alveolar CO: 
Intercellular fluid... 65 -46* | 0.7— 0.9* 


* Values estimated from the experimental results of this and a previous study (8). 
t These values vary slightly with the water content of ambient air. 


duced in proportion. As long as the animal is able, by homeostatic mecha- 
nisms, to maintain unchanged internal CO: concentrations, the specific 
activity at any locus in the animal does not change. <A simple propor- 
tionality governs the existing specific activity relationships: 


(sa)z (pp)z air (pp)sir (1) 


where x is any specific locus or compartment in the animal and _ sa (spe- 
cific activity) and pp (partial pressure) refer to CO.. A knowledge of the 
specific activity and partial pressure of air CO, and of either the specific 
activity or partial pressure of CO, in z allows the remaining value to be 
computed.! 

1 With this relationship and the gas law, a proportionality for the specific activity 


of alveolar COz, (sa) aiveoiar, i8 easily derived in terms of a, the absolute activity of 
ambient air. 


si veolar = ka (2) 


The proportionality constant, k, equals 0.46 when evaluated in terms of the specific : 
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EXPERIMENTAL 


Methods—A method for furnishing a constantly labeled atmosphere was 
previously described and diagramed (8). The former apparatus, which 
consisted of three sealed metabolism chambers ventilated with labeled air 
from gas cylinders, was improved and altered as follows: 

1. To provide a more constant pressure in the low pressure reservoir 
(rubber inner tube) a mercury manostat was installed so as to open a 
solenoid valve from the tanks whenever pressure fell. 

2. To allow longer exposures without recharging of gas cylinders, room 
air was mixed with cylinder air in a ratio of approximately 6:1. This was 
achieved by means of a 3-way solenoid valve activated by a cycle timer with 
a6 minute cycle. The latter was set to allow labeled air to flow for about 
1 minute and unlabeled room air for the remainder of the cycle. The 
activity level of the mixture could be regulated by making minor adjust- 
ments of the cycle timer. Two 5 gallon bottles were placed immediately 
down-stream from the mixing valve in order to level the cyclic fluctuation 
in radioactivity. 

3. Humidity control in the chambers was improved by replacing the 
CaCl, traps with U-shaped water condensers. These were kept at 5° by 
circulation of refrigerated water through their insulated jackets. 

4. The radioactivity level in the chambers was continuously monitored 
by means of an ionization chamber in the flow line. The chamber was 
attached to a vibrating reed electrometer and a recorder. 

5. CO. concentrations in the three chambers were measured with a con- 
tinuously recording infra-red gas analyzer (Baird Associates, Inc., model K). 

6. To avoid the increase of air radioactivity with time (8), previously 
noted, which was possibly due to reversible surface adsorption, the tanks 
were charged with about 100 times more CO, than had been used in the 
earlier experiments. In addition, great care was taken to exclude moisture 
during the charging process. These measures were successful in elimi- 
nating the phenomenon. 

Rats and mice of various ages were exposed by placing them in the 
chambers of the apparatus for various periods of time. The experiments 
were planned to test the effect of age, growth, body size, duration of ex- 
posure, and ambient CO, concentration on the turnover of bone carbonate. 
Several litters of mice were born and raised successfully in the labeled 
environment and these were in some cases from parents also born in the 
saga Adult rats and mice occupied the same chamber without dif- 
culty. 


units we routinely use; namely, counts per minute per millimole for specific activity 
and counts per minute per liter for a. (This assumes an alveolar CO, tension of 40 
mm. of mercury.) 
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Animals were sacrificed with ether and immediately dissected. Mouse 
carcasses were freed of the bulk of muscle, and, after removal of selected 
individual bones for future analysis of the organic carbon, the remainder of 
the skeleton was placed in a sealed Waring blendor and chopped for ap. 
proximately 3 minutes in the presence of 75 ml. of distilled water. More 
water was poured into the blendor to float off foam and tissue fragments 
and the supernatant fluid was then decanted. The remaining sediment 
consisted mainly of bone chips and these were transferred to a 100 ml, 
round bottom flask fitted with a vacuum stop-cock assembly. The flask 
was then evacuated until the residual water boiled and 10 ml. of 10 per 
cent perchloric acid were added through the stop-cock without breaking 
the vacuum. Before analysis the assembly was set aside until bubbling 
ceased. 

Rat carcasses were similarly freed of muscle and selected individual 
bones were carefully scraped and placed in flasks to be acidified as described. 
Rat vertebrae were difficult to clean by manual scraping and were treated 
like the mouse skeletons. Tests showed that the amount of contaminating 
inorganic carbon in muscle and tendon was negligible under these condi- 
tions and analyses of rat bones handled by both methods were within the 
error of the analytical method. The chemical and radioactive assays of 
evolved CO. were made manometrically and by gas counting, as reported 
elsewhere (10). 

The mean air activity in the chambers was obtained by averaging half 
hour readings taken from the electrometer tracing during each exposure, 
Fluctuations in air activity occurred as a result of opening the chambers 
for feeding, cleaning, and animal replacement. In addition there was a 
fluctuation in air radioactivity which seemed to be related to changes in 
room temperature. However, the, daily mean value remained quite con- 
stant during a 6 month period. 

For convenient interpretation specific activities of bone carbonate are 
expressed as the per cent of the calculated specific activity of alveolar CO;, 
a value readily computed from the radioactivity of ambient air.1. Among 
the various graphs other units were selected to emphasize certain aspects 
of bone carbonate turnover. 


Results 


Isotopic ‘‘Saturation’’—Swiss mice, which were either born in the labeled 
atmosphere or placed there when 1 day old, were allowed to grow to adult 
size. They showed fairly constant values for specific activity of bone car- 
bonate despite large age differences at the time of sacrifice (Table II). This 
constancy implies that the bone carbonate has been in free exchange with 
local CO,-bicarbonate and is thereby “saturated.’”’ Newly deposited bone 


D. L. BUCHANAN AND A. NAKAO 249 


carbonate has a specific activity considerably lower than that calculated 
for alveolar CO, and this value is very close to that obtained previously for 
the specific activity of urea carbon under similar circumstances (8). Be- 
cause it is likely that both bone carbonate and urea carbon originate from 
GO, the probable partial pressure of CO: in cells and around bone salt may 
be calculated from Equation 1. The value obtained is 65 mm. of mercury, 
which appears provisionally in Table I. It is of course possible that in 
small active animals the alveolar CO, tension is higher than shown in Table 
I, but this possibility does not affect the validity of the postulated CO, 
tension around bone salt and in cells. 

Turnover in Adults—When fully grown, Swiss female mice, 4 to 7 months 


TABLE II 


Bone Carbonate Specific Activity of Mice Living from Birth in Air with Constant 
Partial Pressure of C'*O; 


time 
days 
26.8 64.8 
47.0 66.4 
61.8 77.3 
127.0 71.1 
183 .0 67.4 


* Standard error of the mean. 


old at the beginning of the exposure, were similarly exposed, the specific 
activity of bone carbonate increased rapidly during the first few days, but 
later the rate of increase was much slower (Fig. 1). If the carbonate of 
bone formed during growth (Table IT) is in isotopic equilibrium with the 
surrounding CO.-bicarbonate and is considered to be “saturated,” the 
bone carbonate of adult mice is still less than half replaced after 3 months. 
The extent to which replacement has occurred is implied by the scale at 
the right of the graph (Fig. 1). 

The data obtained with fully grown, female Fischer rats, 6 to 9 months 
of age at the beginning of the exposure, were quite similar (Fig. 2). The 
initial increase in bone carbonate radioactivity was somewhat more rapid 
than with mice, but after 3 months the difference was less apparent. Also 
it can be seen that the turnover pattern was not greatly different among 
several widely differing bones. 

Effect of Growth—Figs. 1 and 2 also include some scattered data from 
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DAYS EXPOSED 
Fic. 1. Uptake of C'* by the bone carbonate of adult mice exposed to C'“0,-la- 
beled air. The left ordinate scale relates the specific activity of the carbonate to 
the calculated value for alveolar CO,. The right ordinate scale relates the meas- 
ured values to the maximum values attained by mice reaching maturity in the la- 
beled atmosphere (see Table II). The curve was drawn through the 85 day value 
after it had been corrected for slight growth (see the text). 
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DAYS EXPOSURE 
Fig. 2. Uptake of C'* as carbonate by the individual bones of adult rats. See 
Fig. 1 for the description of the ordinate scales. 
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younger adult animals. In four female CF-1 mice, 8 weeks old, the initial 
uptake was more rapid than in older animals (Fig. 1). The same was true 
of a male Swiss mouse placed in the chamber for breeding purposes. Exact 
age and weight gain were not obtained on this animal, but, since it was 
a moderately young male, it was probably still growing. A young male 
Fischer rat gained 39 gm. in 2 months and showed a much greater incor- 
poration of isotope than did the older females (Fig. 2). 

Further studies of the effect of growth on the turnover of bone carbonate 
gave the results shown in Figs. 3 and 4. In Fig. 3 the subsequent change 
in specific activity of bone carbonate of Swiss mice exposed for the Ist 
month of life is compared with similar data on animals exposed until 2 
months old. The specific activity declined much more rapidly in the 
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DAYS FOLLOWING EXPOSURE 
Fic. 3. Effect of age at time of removal from a C'O,-labeled atmosphere on the 
rate of decline in specific activity of bone carbonate of mice. See Fig. 1 for the 
description of the ordinate scales. 


younger group. However, some of the decrease in each group certainly 
occurred because of an addition of unlabeled carbonate accompanying the 
post exposure growth of the animals, this effect, of course, being greater 
in the younger animals. 

In order to examine the effect of bone growth on the turnover of pre- 
existing bone carbonate it was necessary to correct each measured specific 
activity to eliminate the decrease resulting from the net deposition of 
carbonate during the time between exposure and sacrifice. The data used 
in making these corrections were collected from thirty-six mice of different 
ages. Analysis of data for the animal weight, skeletal ash weight, and age 
of these animals showed that the amount of bone salt is to some extent in- 
fluenced by both age and animal weight. To avoid presenting these 
data in detail an empirical equation was derived from them giving the mass 
of bone salt, m, as a function of animal weight, g, and age in days, d. 


m = 0.03g(1 — 0.432 e~°-9284) (3) 
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Two-thirds of the observed values of m among the thirty-six mice were 
within 8.5 per cent of the value predicted by the equation. The range of 
data limits the validity of Equation 3 to ages between 22 and 166 days and 
to animal weights between 10.0 and 29.1 gm. In order to use Equation 3 
for adjusting the data of Fig. 4 it is necessary to make the approximating 
assumption that carbonate is a constant fraction of bone salt. Further- 
more, that the deposition of labeled bone carbonate is negligible following 
removal of the mice from the labeled atmosphere was implied by previous 
findings (8) in which, after similar exposures, the specific activity of exhaled 
CO: fell to 1 per cent of the steady state level in 2 days and to 0.1 per 
cent in 10 days. 

In order to obtain values which would represent the per cent of pre- 
existing bone carbonate retained in the skeleton after certain intervals, two 
sets of manipulations were necessary. The first, a correction for growth, 
was made by multiplying the observed specific activity by a factor which 
consisted of the ratio of bone salt mass calculated by Equation 3 to be 
present at the time of sacrifice to the amount predicted in the same way 
from age and weight data of the animals at the time of removal from the 
chamber. The second manipulation involved a transposition of the or- 
dinate scale in such a way that the amount of isotopic carbonate present 
in the skeleton at the time of removal from the chamber was taken to be 
100 per cent. The adjusted values appear in Fig. 4, which also has data 
derived from the experiment shown in Fig. 1. Although these older ani- 
mals were sacrificed during an exposure rather than at intervals following 
the exposure, the results may be compared. By subtracting the “per 
cent saturated” value (right ordinate scale of Fig. 1) of each of these 
animals from 100 per cent, one obtains the fraction of bone carbonate not 
replaced during the exposure, and the computed values are then comparable 
to those obtained directly and shown in the lower two curves of Fig. 4. 
This graph demonstrates that the turnover of bone carbonate laid down in 
early growth is accelerated by more growth. ' 

Effect of Exposure Time—The results of some experiments set up to show 
the effect of the duration of exposure on the long term retention of labeled 
bone carbonate are given in Fig. 5. When corrected for growth by the 
method previously described, the points give satisfactory linear fitting toa 
log-log function. Curves 1, 2, and 3 show that among groups of CF-1 
female mice, all exposed at 8 weeks of age, the retention of C™ is approxi- 
mately proportional to the exposure time. Since the three sets of mice were 
exposed for 1, 3, and 7 days, respectively, one might compare these three 
sets of mice to hypothetical groups getting injections of 1, 3, and 7 ue. 
of labeled bicarbonate. It would be quite certain that in such a case the 
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DAYS FOLLOWING EXPOSURE 
Fic. 4. Effect of age on the rate of replacement of preexisting bone carbonate in 
mice. The ordinate scale represents the amount of isotopic bone carbonate remain- 
ing in the skeleton relative to the amount that was present there at the time of re- 
moval of the animals from the labeled environment. The values of the upper curve 
were calculated by difference from the data of Fig. 1. 


ISOTOPIC BONE CARBONATE 
(RELATIVE % RETAINED) 
ISOTOPE RETENTION 
(RATIO TO EXTRAPOLATED RETENTION 
OF ANIMALS EXPOSED ONE DAY) 


DAYS FOLLOWING EXPOSURE 

Fic. 5. Effect of the duration of exposure to C'O,-labeled air on the retention of 
isotope in bone. The left ordinate scale represents the amount of isotope in skeletal 
bone carbonate relative to a skeleton isotopically ‘‘saturated’”’ at the termination 
of the exposure. In the right ordinate scale the 1000 day (extrapolated) skeletal 
isotope content of mice exposed for 1 day was selected as an arbitrary unit. The 
curves represent the following groups of animals: Curve 1, CF-1 mice exposed for 1 
day at 8 weeks of age; Curve 2, CF-1 female mice exposed for 3 days at 8 weeks of 
age; Curve 3, CF-1 female mice exposed for 7 days at 8 weeks of age; Curve 4, Swiss 
mice of both sexes exposed for the first 31 days of life; Curve 5, Swiss mice of both 
sexes exposed for the first 61 days of life; Curve 6, Swiss female mice (calculated 
values), equivalent to exposure for the first 4 to 5 months of life (see the text). 
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retention at any time would be proportional to the tracer dose, and hence 
the results obtained could be anticipated. 3 

Quite unexpectedly, however, the same approximate proportionality 
seemed to govern retention in all age groups studied. This is illustrated by 
Curves 4, 5, and 6 of Fig. 5 which are log-log plots of the data of Fig. 4. 
All the curves of Fig. 5 show that after a time long in comparison with the 
exposure time the amount of isotope retained in the mouse skeleton is 
approximately proportional to the exposure time. This relationship seems 
valid regardless of the age of the animal when exposed. 

Effect of Atr CO, Tension—As noted previously (8), the total ambient 
CO: concentration did not influence the results. Because the three cham- 
bers were connected in series, the CO, concentration increased with each 
successive chamber. A pair of rats and a pair of mice divided between 
the second and third chambers and exposed for 12 days showed no signif- 
cant differences in the specific activity of bone carbonate. 


DISCUSSION 


The data in this paper show that in the adult some of the bone carbonate 
exchanges rapidly with CO:, while a large amount exchanges very slowly, 
In fact retention curves of the type shown, which seem to approximate 
power functions of time, are probably the result of a very complex turnover 
pattern. It is possible that there is actually a great number and perhaps 
a continuous series of “turnover rates;’’ hence each bone carbonate group 
has a unique probability of being replaced within a certain time interval. 

The similarity of the data obtained with rats and mice and with several 
different bones in rats suggests that turnover of bone carbonate in the 
adult is not greatly influenced by body size, metabolic rate, or bone 
morphology. However, radioautographs and analyses by Skipper et al. (6) 
show that differences exist in the carbon turnover of different parts of adult 
mouse bone. The stimulus that even slight growth gives to the turnover 
of bone carbonate is evident from our data; thus growth may have been 
partially responsible for the greater incorporation of isotope in the meta- 
physeal bone of 3 month-old mice noticed by Skipper and his colleagues. 
But the analysis of whole bones will not detect turnover differences among 
different types of osseous tissue unless the mass ratio of these types differs 
widely from bone to bone. To be cautious in assessing the radioactivity 
hazard, it is therefore necessary to assume that local concentrations of 
isotope may occur even in the adult. The upper limit to which the isotope 
may become concentrated is set by the values we have obtained for the 
“saturated” bone carbonate of animals which lived their entire lives in 
labeled air. The carbonate of such bone has a specific activity which is 
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70 per cent of that calculated for alveolar CO., and by using Equation 2 
we find, in terms of absolute radioactivity units, that the microcuries of 
C* per millimole of bone carbonate will be 0.32 times the microcuries 
present per liter of ambient air. 

Averaging a great number of published analyses of human bone apatite, 
Hendricks and Hill (1) present an empirical formula for this salt which 
sets the carbonate carbon content at 1.64 per cent of the anhydrous mass. 
1 gm. of bone salt, therefore, contains 1.36 mmo of carbonate. The energy 
of the C™“ 6-ray is such that 0.3 roentgen-equivalent-physical (rep) per 
week, the present maximum permissible radiation dose, will be received by 
matter containing 0.015 uc. of C™ per gm. From these considerations 
one may compute that anhydrous bone salt can never acquire enough radio- 
activity to exceed the tolerated level if the air concentration of CO, 
remains less than 0.034 ue. per liter. This value, based on the assumption 
that bone may become locally “saturated” even when not growing, also 
applies in growing bone. 

Although bone contains 20 times as much organic carbon per unit mass 
as inorganic carbon, the specific activity of organic carbon under these 
steady state conditions is very much lower. This fact has been indicated 
by the work of others (2, 3) and will be clearly demonstrated in a subse- 
quent report from this laboratory. Although bone salt and organic ma- 
terial are quite intimately associated even microscopically, there is of course 
a separation of phases submicroscopically. The radiation intensity will 
be greater in the inorganic phase, but, because of the fine dispersion of 
bone salt crystals in the organic matrix, this difference in intensity between 
phases is probably slight. Even if the difference is appreciable, the excess 
radiation will be taken up by the inorganic salt, sparing the cellular ele- 
ments which are part of the organic material. Therefore, a computation 
of the permissible level of air C“O, on the basis of the composition and 
steady state specific activity of whole bone is more realistic than a cal- 
culation based solely on the data for bone carbonate. Such a computation 
shows that 0.049 uc. per liter of air is safe and tolerable. 

The above estimates, which are quite rigorous for both rats and mice, 
are probably also valid for other mammals including man because of the 
apparent independence of bone carbonate turnover on body size, as men- 
tioned above. This is borne out by the hypothetical considerations al- 
ready discussed. 

These permissible levels, similar in magnitude to those previously ar- 
rived at with other data (8), are actually very conservative for most 
practical applications. They imply that the exposure is prolonged and 
continuous, and that “saturation” does occur. Actually neither condition 
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is likely to be met in clinical research or in accidental exposure of laboratory 
personnel. 


SUMMARY 


A total of 76 mice and rats was exposed to C“O,-labeled air in constantly 
ventilated chambers for periods up to 6 months. Some animals were 
sacrificed immediately after the exposure, while other animals were sacri- 
ficed at various times following exposure. The specific activity of bone 
carbonate was determined for each mouse and for individual bones in the 
rats. The results seem to justify the following conclusions. 

1. The carbonate of new bone forming in infant mice arises wholly or 
largely by incorporation of soluble inorganic carbon into the precipitating 
bone salt. When the soluble CO.-bicarbonate system is isotopically labeled 
by inhalation of air containing a homogeneous concentration of C™QO,, 
the specific activity of new bone carbonate is approximately 70 per cent of 
the specific activity of alveolar COs, assuming the partial pressure of the 
latter to be 40 mm. Continued exposure of such animals to the same con- 
centration of CQO, fails to increase the specific activity of bone carbonate 
further and the latter is then in an isotopic steady state with respect to 
exchange with the ambient air. In this steady state the specific activity 
of bone carbonate (disintegrations per minute per millimole) equals 0.32 
times the disintegrations per minute per liter of ambient air. 

2. A considerable fraction of the carbonate in the bone of fully grown 
animals exchanges quite rapidly with the soluble carbonate system whereas 
a large fraction exchanges very slowly. Approximately 30 per cent of the 
total bone carbonate is replaced in 12 days, while only 45 per cent of the 
total is replaced in 3 months. 

3. The turnover pattern is very: similar between mouse and rat bone 
and between several different bones in the rat. This fact when considered 
in connection with other available data suggests that turnover rates of 
bone carbonate in the adult are largely determined by the physical and 
chemical properties of bone salt. 

4. Growth of bone stimulates the turnover of bone carbonate out of all 
proportion to the net increase in bone mass, presumably because of bone 
destruction concomitant with the growth process. 

5. The long term retention of isotopic carbonate in the entire skeleton 
of mice is approximately proportional to the duration of the exposure, 
regardless of the age of the animals when exposed. 

6. On the basis of the data presented adult or growing mammals can 
exist continuously and indefinitely in an atmosphere which contains as 
much as 49 uc. of C“O. per cu.m. of air and yet never exceed a radiation 
dose rate to bone of 0.3 roentgen-equivalent-physical per week. 
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STUDIES OF PYRUVATE AND ACETATE METABOLISM IN 
THE HEREDITARY OBESITY-DIABETES SYNDROME 
OF MICE* 


By K. GUGGENHEIMf J. MAYER 


(From the Department of Nutrition, Harvard School of Public Health, Boston, 
Massachusetts) 


(Received for publication, March 31, 1952) 


The genetic characteristics of a new strain of mice (obob) exhibiting 
recessive Mendelian obesity have been described (1, 2). Obese members 
of the strain show adult weights of 40 to 60 gm. (occasionally up to 80 gm.), 
compared to 20 to 30 gm. for the non-obese animals. It has been shown 
(2) that on ‘free choice” experiments obese animals select diets much 
richer in fat than the non-obese. It was furthermore demonstrated (3) 
that the mature obese animals exhibit a diabetic syndrome characterized 
by glucosuria, non-fasting sugar levels of the order of 300 mg. per cent, 
and insulin resistance. These blood sugar levels are very sensitive to 
dietary conditions (3, 4), being drastically reduced by fasting and also 
by high fat and high protein, low carbohydrate diets. Histopathological 
studies (5) reveal that the obese animals present a centripetal distribution 
of their depot fat, cutaneous atrophy and ulcers, hypertrophy of the islets 
of Langerhans, and a tendency toward increased number of basophilic 
cells in the pituitary. No abnormality was noted as far as the adrenals 
are concerned. The over-all basal oxygen consumption of the obese mem- 
bers of the strain is smaller than that of the non-obese, in spite of their 
considerably greater weight (6). Several treatments which did not affect 
the weight of non-obese animals produced a marked reduction in that of 
the obese, in particular feeding carbohydrate-free diets, diets containing 
50 times the normal amounts of B vitamins, and thyroxine administration 
(4). While the obese animals are extraordinarily resistant to large doses 
of insulin, they are sensitive to adrenocorticotropic hormone, growth hor- 
mone, pancreatectomy, and various combinations of endocrme treatments 
(4). 

Because these differences of behavior in a variety of dietary and endo- 
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crine conditions must be related to metabolic differences between obese 
and non-obese mice, it appeared useful to compare the fate of administered 
acetic and pyruvic acids in obese and non-obese animals. Acetic acid 
has been demonstrated to be a precursor of lipides (7, 8). Pyruvie acid 
utilization by the diaphragm (9) and the heart muscle (10) of alloxan- 
diabetic rats has been found to be impaired. This comparison might 
therefore be expected to yield evidence of the primary metabolic ab- 
normality leading to obesity and diabetes in these animals. 


Methods 


A total of 52 non-obese and twenty-four obese animals was used. The 
age of the animals was in the range of 3 to 6 months. The non-obese 
animals weighed from 20 to 30 gm., averaging 25 gm. The obese animals 
weighed between 35 to 75 gm., averaging 55 gm. All animals were kept 
in individual cages at constant temperature and regular illumination. All 
animals were normally fed Purina chow. During the acetate feeding ex- 
periment, the animals received a “synthetic” diet of the following com- 
position: casein 25 per cent, dextrose 65 per cent, corn oil 2 per cent, salt 
mixture! 4 per cent, cystine 0.2 per cent, and choline chloride 0.1 per cent. 
The diet was supplemented with the following vitamins per kilo of ration: 
inositol 1.1 gm., p-aminobenzoic acid 0.2 gm., riboflavin 8 mg., pyridoxine 
4 mg., calcium pantothenate 20 mg., niacin 20 mg., and thiamine 4 mg. 

Alloxan diabetes was induced in eleven non-obese animals by intravenous 
injection, in the fasted state, of a dose of 3 mg. per mouse. Permanent 
glucosuria was taken as the criterion of successful production of diabetes. 

Respiration Experiments—The mice were fasted for 14 to 18 hours. 
They were then injected intraperitoneally with 1.0 mm of C'*-carboxyl- 
labeled sodium acetate per 100 gm. of body weight or 1.0 mM of C"-car- 
bonyl-labeled sodium pyruvate per 100 gm. of body weight. Immediately 
after the injection they were placed in a metabolism chamber. ‘The ex- 
pired CO2 was collected and radioactivity determined.? During the Ist 
hour, COz2 was collected every 30 minutes; during the following 2 hours, 
every hour. 

Acetate' Feeding Experiment—The mice were given daily, over a period of 
3 days, 0.1 mm of C"'-carboxyl-labeled acetate per 100 gm. of body weight. 
The acetate was mixed daily with the synthetic diet consumed by the 
animals. At the end of the 3 day feeding period, the animals were sacri- 
ficed and the liver fatty acids and cholesterol isolated and counted for 
radioactivity, as described elsewhere (11). 


1 The mixture of P. H. Phillips and E. B. Hart (J. Biol. Chem., 109, 657 (1935)), 
modified by the addition of 0.02 per cent CoCl., was used. 

2 The method will be published in detail elsewhere (K. Guggenheim and R. E£. 
Olson). 
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Results 


Oxidation of Acetate—Fig. 1 shows the cumulative per cent excretion of 
C4Q. after administration of carboxyl-labeled acetate to non-obese and 
obese mice. Over the 3 hours, the non-obese mice incorporated signifi- 
cantly more C™ into CO: (82 per cent, standard deviation +13.8 per cent) 
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Fig. 1. Acetate utilization in obese and non-obese mice. The figures beside the 
curves indicate the number of animals. 


than the obese animals (70 + 9.3 per cent). The probability of signifi- 
cance of the difference p is <0.05. 

Lipogenesis from Acetate—In order to study the fate of unoxidized acetate 
in the obese mice, both non-obese and obese animals were fed C-carboxyl 
acetate under the conditions described above and the C" activity of liver 
fatty acids and cholesterol was examined. The results are given in Table I. 

It is apparent from these results that obese mice show a much higher 
content of liver fatty acid than the non-obese; concentrations of liver 
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TABLE I 


Amount and Radioactivity of Liver Fatty Acids and Cholesterol in Non-Obese and 


Obese Mice 
Means and standard errors. 
Fatty acids | Cholesterol 
Mice 3 ye Weight | C.p.m. per 108 C.p.m. per 105 
mice| .. \intake | liver Gm. per P-M. given Me. per c.p.m. given 
100 gm. ——}| 100 gm. 
= Total Per mg. Total 
Non-obese | 12 | 27 || 2.0 | 1.13 3.25 | 35.4 1693 | 272 | 30.0 94 
+0. 26 +£2.88 +108 +14.3— 42.16 +9.7 
Obese 5 3.7 | 2.29 9.45 19.0 | 4158 292 | 20.0 | 130 
| +1.41 +1.12 +769  +15.9 +3.04 +184 
Probability that observed differ- | 
ence is due to chance........... 0.01 | 0.01 0.01 0.4 | 0.02 0.1 
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Fic. 2. Pyruvate utilization in obese, non-obese, and alloxan-diabetic non-obese 
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cholesterol are similar. The specific activity (counts per minute per mg. 
of fatty acids and of cholesterol) of these substances is considerably greater 
in non-obese than in obese animals. This greater specific activity of the 
lipides in the non-obese animals is more than counterbalanced by the 
disparity in fat content between obese and non-obese animals, and the 
over-all incorporation of C in the total fatty acids is more than twice as 
great in the obese as in the non-obese animals. By contrast, differences 
in total activity of liver cholesterol between obese and non-obese animals 
are not significant (p = 0.4). It can be concluded, therefore, that at 
least a large fraction of the acetate which the obese mice seem unable to 
oxidize is converted to fatty acids. 

Oxidation of Pyruvate—As 1s seen from Fig. 2, the oxidation of pyruvate 
is also decreased in obese mice. After 3 hours, 87 per cent (standard 
deviation +12 per cent) of the radioactive carbon of carbonyl-labeled 
pyruvate injected in non-obese mice had appeared in expired CO2, whereas 
obese mice had oxidized only 79 + 9.4 per cent. This difference is signifi- 
cant at p = 0.05. The curve representing the oxidation of pyruvate in 
alloxan-diabetic non-obese mice is similar to that characteristic of the 
obese animals, but is further depressed. The alloxan-diabetic mice ex- 
creted during the 3 hour interval 73 + 11.3 per cent of the radioactive 
carbon, a level highly significantly different from the percentage corre- 
sponding to the untreated, non-obese animals (p < 0.01). 


DISCUSSION 


The results presented here show that the obese mice do not catabolize 
acetate at the same rate as the non-obese animals. The acetate which 
escapes oxidation finds its way, at least for a large part, into synthesized 
fatty acids. While the rate of incorporation of radiocarbon per unit weight 
of liver fatty acids and cholesterol is less in the obese than in the non- 
obese animals, a finding probably related to the greater fat content and 
smaller metabolic rate (6) of the former, the much greater rate of lipogenesis 
from acetate of the obese animals is doubtless of significance in the etiology 
of this form of obesity. Decreased capacity for lipolysis due to decreased 
acetate catabolism is a corollary. 

Comparison of the pyruvate oxidation curves of untreated and of al- 
loxan-treated non-obese mice furnishes evidence in vivo of a block in ear- 
bohydrate metabolism in diabetes below the pyruvate stage. Studies car- 
ried out on rat and pigeon tissues in vitro (9, 10, 12-15) have indicated 
the existence in diabetic tissues of a metabolic block at or below the 3- 
carbon stage. This block can be removed by insulin. In the case of the 
obese mice, there is also some depression in the oxidation of pyruvate 
(Fig. 2). The statistical significance of this decrease is, however, less 
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than that observed in alloxan diabetes. The physiological significance 
may be quite different. Diabetic animals are characterized by an impair- 
ment in fat synthesis (16). But this decrease in pyruvate oxidation in 
obese animals must be viewed in the light of the coexistent decrease in 
over-all oxygen consumption and increased rate of lipogenesis and thus 
may well be a consequence of the block of acetate oxidation. 

The characteristic biochemical lesion of these obese animals appears to 
be, therefore, a partial block of oxidation of Cz fragments, with resulting 
increased lipogenesis and decreased lipolysis. This partial ‘‘genetic block” 
represents probably the primary hereditary lesion in the syndrome. The 
mechanism of the etiology of acquired secondary symptoms, diabetic in 
particular, has been discussed in another publication (4). 


The mice in this study were obtained from Miss Margaret M. Dickie 
of the Jackson Memorial Laboratory, Bar Harbor, Maine, who discovered 
and developed the strain. 


SUMMARY 


Studies of pyruvate and acetate metabolism in the hereditary obesity- 
diabetes syndrome of mice were conducted. It was found that, when fasted 
obese and non-obese mice were injected with carboxyl-labeled sodium 
acetate, the non-obese mice excreted significantly (one-third) more la- 
beled CO, during the 3 hours following injection than did the obese an- 
imals. When obese and non-obese animals were fed labeled acetate for 
3 days, over-all incorporation of labeled carbon was more than twice as 
great in the obese as in the non-obese. By means of carboxyl-labeled 
pyruvate it was shown that pyruvate oxidation was also depressed in the 
obese animals, though to a lesser extent than in alloxan-diabetic non- 
obese mice. The partial block of acetate utilization and resultant in- 
creased lipogenesis are considered to represent the primary hereditary 
biochemical lesion in the syndrome. 
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NUCLEIC ACID CHANGES DURING THE DEVELOPMENT OF 
THE CHICK EMBRYO* 


By D. V. N. REDDY, M. E. LOMBARDO, anv L. R. CERECEDO 
(From the Department of Biochemistry, Fordham University, New York, New York) 


(Received for publication, April 14, 1952) 


The chemical changes occurring during embryonic development have 
been studied by several workers (1-3). In the hen’s egg there is very little 
nucleic acid present, whereas a considerable synthesis of both desoxy- 
pentose nucleic acid (DNA) and ribose nucleic acid (RNA) occurs in the 
embryo (4-6). Recently, methods for the determination of purines and 
pyrimidines in small amounts of tissue have become available (7). It 
occurred to us that a study of the individual purines and pyrimidines 
in the developing chick embryo might yield important information re- 
garding the composition of the nucleic acids. The present communication 
gives the results of such a study. 


EXPERIMENTAL 


Materials and Methods—Fresh fertilized eggs of white Leghorn hens 
were incubated under constant conditions of temperature (37-38°) and 
humidity for periods varying from 7 to 19 days. The embryos were re- 
moved from the yolk, dropped into ice-cold saline, and freed from all non- 
embryonic tissue. Adhering saline was removed by touching the em- 
bryos to damp filter paper, weighing and freezing over solid carbon dioxide. 
They were then stored at —20° until analyzed. The embryos were ho- 
mogenized in distilled water at 0° and the nucleic acids extracted with hot 
trichloroacetic acid (8). RNA was determined according to the method of 
von Euler and Hahn (9), and the DNA according to that of Stumpf (10). 
Guanine and adenine were determined according to the methods of Hitch- 
ings (11) and of Woodhouse (12), respectively, as used in the combined 
procedure of Lombardo, Travers, and Cerecedo (13). Uracil, cytosine, 
and thymine were determined chromatographically (14). The chromato- 
grams were developed in isopropanol-HCl medium (15). 


RESULTS AND DISCUSSION 


Fig. 1 shows the nucleic acid content of the developing chick embryo 
from the 7th through: the 19th day of incubation. It may be seen that 
* This investigation has been aided, in part, by grants from the National Cancer 


Institute, National Institutes of Health, United States Public Health Service, and 
the Damon Runyon Memorial Fund for Cancer Research, Inc. 
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RNA has increased from 1 mg. on the 7th day to about 42 mg. per embryo 
on the 19th day of incubation. During the same period of growth, DNA 
has increased from 0.5 to 27 mg. per embryo. 

Fig. 2 shows the concentration of the nucleic acids expressed as mg. per 
gm. of dry weight. It is apparent that RNA remains fairly constant from 
the 7th through the 12th day of incubation, and then falls rapidly. The 
DNA concentration, on the other hand, shows a gradual increase from 
22 mg. on the 7th day to 31.5 mg. on the 11th day of incubation, and then 
falls gradually. These results are not in complete agreement with the 
observations of Novikoff and Potter (6), who found that both RNA and 
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AGE OF EMBRYOCIN DAYS) 
Fic. 1. Nucleic acid content. of the developing chick embryo 


DNA show a gradual increase until the 15th day of incubation before fall- 
ing off. The study of the individual purines and pyrimidines lends further 
support to our data on the nucleic acids. The top curve in Fig. 2 shows 
the data that Needham (1) gives for the protein content of the chick embryo 
in mg. per cent of dry weight. The striking resemblance between the RNA 
and protein curves lends support to the existing idea that RNA is in- 
volved in some way in protein synthesis (16), and that the synthesis of 
protein and of the nucleic acids is highest during the most rapid stage of 
growth. 

The data for adenine, guanine, cytosine, uracil, and thymine are shown 
in Fig. 3. These values, expressed as mg. per gm. of dry weight, remain 
fairly constant from the 7th to about the 12th day of incubation. Al- 
though these results support the data on the nucleic acids, they are some- 
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what unexpected. It was hoped that thymine, which is a measure of DNA, 
would show an increase until the 11th day of incubation. Similarly ade- 
nine, guanine, and cytosine were expected to show highest values on the 
llth day. The values for adenine are slightly higher than those for gua- 
nine until the 11th day and then remain consistently lower. To check 
the possibility of any experimental error we have performed a number of 
experiments, and the results obtained were always the same. 

These findings seem to indicate a change in the composition of DNA. 
Such a conclusion, however, has to be accepted with caution until the 
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Fic. 2. Concentration of nucleic acids during the development of the chick em- 
bryo. The top curve represents data from Needham. 

Fic. 3. Concentration of the purines and pyrimidines during the embryonic de- 
velopment of the chick. 


two nucleic acids are separated and the composition of each studied at 
different stages of growth. We plan to extend our studies along these 
lines. In this connection, it may be pointed out that DNA has been found 
(17) to consist of two main types, an “AT” type which is predominant in 
adenine and thymine, and a “GC” type in which guanine and cytosine are 
predominant. 


SUMMARY 


The pentose and desoxypentose nucleic acids, the purines, and the 
pyrimidines have been determined in the chick embryo from the 7th 
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through the 19th day of development. A considerable synthesis of both 
nucleic acids occurs in the embryo, the synthesis being most marked during 
the most rapid growth of the embryo. The data on the individual purines 
and pyrimidines are in harmony with the observation that the nucleic acid 
concentration remains high from the 7th day through the 12th day of 
incubation, and then falls rapidly. 
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Williams (1), investigating the inhibition of choline oxidase of rat liver 
by aminopterin and the partial reversal of this effect by ascorbic acid, found 
that dietary aminopterin also markedly decreases the ascorbic acid content 
of rat liver. This aminopterin-induced reduction of ascorbic acid levels 
of rat liver was confirmed by Schwartz and Williams (2). These authors 
also reported that folic acid and Leuconostoc citrovorum factor, injected 
intraperitoneally after the animals exhibited the typical aminopterin-in- 
duced folic acid deficiency syndrome, did not significantly reverse this 
effect. Upon investigating the effect of dietary aminopterin on ascorbic 


3, acid excretion, Schwartz and Williams (3) found that aminopterin also 
caused a decrease in the amount of excreted ascorbic acid, indicating that 
2 the decrease in liver ascorbic acid induced by aminopterin is not caused by 


increased excretion of the vitamin. 

4 These studies on the inhibitory effect of an aminopterin-induced folic 
acid deficiency on the maintenance of rat liver ascorbic acid have led the 
authors to investigate the effect of a succinylsulfathiazole (sulfasuxidine)- 
induced folic acid deficiency on rat liver ascorbic acid. The findings of this 
investigation, which are presented in this paper, then led to the work 
which constitutes the major portion of this paper: the effect of the inclusion 
of sulfasuxidine in various rations on the maintenance of ascorbic acid 
levels in rat liver. 


EXPERIMENTAL 


In the first experiment of these studies a number of male, 45 to 55 gm., 
rats of the Sprague-Dawley strain were made folic acid-deficient by feed- 
ing sulfasuxidine in a purified ration lacking folic acid. This ration was 
composed of 20 per cent casein (Labco), 4 per cent Salts IV (4), 2 per cent 
vitamin mixture (5) (from which folic acid was omitted), 5 per cent corn 
oil, 1.5 per cent sulfasuxidine, and 67.5 per cent sucrose. The basal ration 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. 
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was the same except that the vitamin mixture contained folic acid. 2 
drops of a fortified haliver oil preparation which contained 400 mg. of 
methylnaphthoquinone and 5 gm. of a-tocopherol in 50 ml. of haliver oil 
and 50 ml. of corn oil, were given weekly to all rats. At various periods 
animal weights were recorded and leucocyte counts were taken. When the 
leucocyte count dropped from 10,000 to 4,000 or below, a rat was considered 
to be folic acid-deficient (6). After 5 weeks, low leucocyte counts were 
encountered in the group of rats deprived of folic acid. Eight folic acid- 
deficient animals and eight control animals were then sacrificed by de- 
capitation, and the ascorbic acid content of the livers was determined by 
the method of Roe and Oesterling (7), as modified by Bolomey and Kem- 
merer (8) and Bolin and Book (9). 

In the next two experiments, which are concerned mainly with the 
effect of various sulfasuxidine-containing rations on rat liver ascorbic acid, 
45 to 55 gm. male rats of the Sprague-Dawley strain were again employed. 
In the first experiment the rats were divided into four groups and were fed 
the following rations: Group I received a basal purified ration containing 
20 per cent casein, 4 per cent Salts IV (4), 2 per cent vitamin mixture (5), 
5 per cent corn oil, and 69 per cent sucrose; Group II received the basal 
ration to which sulfasuxidine was added at a level of 2 per cent; Group 
III received the basal ration plus sulfasuxidine, to which Wilson’s 1:20 
liver concentrate was added at a level of 4 per cent; and Group IV re- 
ceived a stock ration containing 28 per cent fine ground wheat, 24 per 
cent ground yellow corn, 10 per cent soy bean meal, 10 per cent linseed oil 
meal, 8 per cent alfalfa meal, 12 per cent powdered skim milk, 1 per cent 
Wilson’s 1:20 liver concentrate, 1 per cent calcium carbonate, 1 per cent 
iodized salt (sodium chloride), and 5 per cent melted butter. When- 
ever the composition of the basal ration was altered, the sucrose con- 
centration was proportionately changed so that the total concentration 
of ingredients was maintained at 100 per cent. After the rats had been 
on the above diets for 2 weeks, sixteen rats from Group II were taken 
to form a new group. This group, Group V, received a ration which 
differed from that of Group II only in that the vitamin mixture was in- 
creased to 10 per cent. All rats received 2 drops of the fortified haliver 
oil preparation (see above) twice a week. Four animals were sacrificed 
at the beginning of the experiment, and for the duration of the exper'- 
ment (6 weeks) four animals from each group were sacrificed each week 
and the concentration of liver ascorbic acid was determined by the 
analysis noted above. In this manner the change in the ascorbic acid 
levels with time in all groups was ascertained. Also, animal weights 
were recorded every 4 days. 

Another experiment was then performed which was a duplication and 
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expansion of the one just described. Eight groups of Sprague-Dawley 
weanling rats were set up as follows: Groups I to IV received rations iden- 
tical with those given to Groups I to IV of the previous experiment; Group 
VI received a ration similar to that of Group III except that the casein 
content was lowered to 18.4 per cent in order to compensate for a maximum 
protein level of 1.6 per cent present in Wilson’s liver concentrate ;! Group 
VII received a ration identical to that of Group IT plus an oral supplement 
of 1 mg. of ascorbic acid per rat per day for the 1st week, this supplement 
being increased to 20 mg. of ascorbic acid per rat per day for the remaining 
5 weeks in order to insure an abundant supply of ascorbic acid; Group VIII 
received a ration similar to that of Group V of the previous experiment 
except that vitamin Bi. was added to the vitamin mixture at a level of 
1 y of vitamin By per gm. of vitamin mixture (supplying 5 times the daily 
requirement of vitamin B,2); and Group IX received a ration similar to that 
of Group VIII except that Wilson’s 1:20 liver concentrate was added at a 
level of 4 per cent and the casein content was decreased to 18.4 per cent to 
compensate for liver concentrate protein. All rats received 2 drops of the 
fortified haliver oil preparation (see above) at least once a week. At the 
end of 6 weeks a number of rats from each group were sacrificed and the 
modified Roe-Oesterling analysis was again employed for measuring liver 
ascorbic acid. Also, the weekly growth of the rats in each group was re- 
corded. 

After the termination of the 6 week experimental period, the remaining 
rats of Group II were divided into three groups. One group, Group II(a), 
was maintained on the same purified sulfasuxidine-containing ration as 
was given Group II; another, Group X, received the Group II ration plus a 
daily oral supplement of 4 drops of Reticulogen; and the third, Group XI, 
was given a natural products stock ration (as described above) to which 
2 per cent sulfasuxidine was added. These animals were maintained on 
the respective rations for 12 days; they were then sacrificed and the liver 
content of ascorbic acid was determined. 


RESULTS AND DISCUSSION 


The results of the first experiment are presented in Table I. From this 
it can be observed that the folic acid-free, sulfasuxidine-containing ration 
markedly reduced both rat growth and the leucocyte count. These findings 
are in agreement with those obtained from previous investigations (6, 
10-13). Table I also shows that the folic acid-deficient rats exhibited 
levels of liver ascorbic acid somewhat below those of the control rats (which 


‘An analysis of their product was kindly supplied by The Wilson Laboratories, 
Chicago, Illinois, and the maximum protein content was estimated as nitrogen con- 
tent X 6.25. 
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also received sulfasuxidine). The significant feature of these results js 
that both levels of liver ascorbic acid, 174 y per gm. of liver for the control 
group and 143 y per gm. of liver for the folic acid-deficient group, are far 
below the concentrations (approximately 300 y per gm. of liver) found 
in rats maintained on a purified ration lacking sulfasuxidine (2, 3). 

The results of the next experiment, the first one concerned with the ef- 
fects of various sulfasuxidine-containing rations on the concentration of 
liver ascorbic acid, are presented in Fig. 1. Here the results of the ascorbic 
acid determinations performed on the livers of the four rats in each group 
sacrificed weekly were plotted against the time the animals were maintained 
on the respective rations. It can be observed that the ascorbic acid values 
in each group fluctuated with time, but that the differences in liver ascorbic 
acid between the groups were essentially maintained throughout the entire 


TABLE [ 


Effect of Sulfasuxidine-Induced Folic Acid Deficiency on Leucocyte Count, Weight 
Change, and Liver Ascorbic Acid 


Leucocyte count Weight | 

Ration Liver ascorbic acid 
Otime | After 40 days | days 


— - — 


gm. per gm. liver 
Basal + sulfasuxidine 10, 222* 13,450 (4) 89 174 + 12t (8) 
‘« without folic acid + sulfasuxidine 10,222 | 2,630 (11) 49 143 + 13 (8) 
i 


The figures in parentheses represent the number of animals taken for analysis. 
* Nine animals were taken at random to establish the initial leucocyte count 
t+ Standard error of the mean. 


experimental period. The average ascorbic acid in the livers of the rats 
of Group I (basal ration) tended to increase gradually with time and at 
the end of 6 weeks was found to be 292 y per gm. of liver. In Group II 
(basal plus sulfasuxidine) the average ascorbic acid decreased gradually 
with time and at the end of 6 weeks the average level was 195 y per gm. 
of liver. In Group IIT (basal plus sulfasuxidine plus liver concentrate) 
the ascorbic acid levels ran slightly above those of Group II for 5 weeks and 
then rose sharply to a 6 week level of 344 y per gm. of liver. The liver 
ascorbic acid of the rats of Group IV (stock ration), after a slight decrease 
in concentration at the end of 1 week, increased to a high level the 2nd week, 
and maintained this high level until the end of the experiment, at which 
time the average ascorbic acid content was found to be 384 y per gm. of 
liver. The ascorbic acid values obtained from Group V (basal plus sulfa- 
suxidine plus a high level of vitamins) were found to be relatively constant, 
and at the end of the experimental period (4 weeks on this ration) the 
average liver content of ascorbic acid was 258 y per gm. of liver. 
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These results show that sulfasuxidine markedly lowers the liver content 
of ascorbic acid. Liver powder added to the sulfasuxidine-containing 
ration apparently overcomes this depressant action of sulfasuxidine after 
gweeks. The animals on the stock ration are seen to exhibit consistently 
the highest liver ascorbic acid levels. The ration containing sulfasuxidine 
and a high level of all the known vitamins (exclusive of vitamin By) did 
increase the liver ascorbic acid to some extent. 

The average weight increase during the first 5 weeks of the rats in Groups 
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Fig. 1. The effect of various rations on the maintenance of liver ascorbic acid in 
the rat. @, complete stock ration (Group IV); O, complete purified ration (Group 
I); @, complete purified ration + 4 per cent Wilson’s liver powder + 2 per cent sul- 
fasuxidine (Group III); @, complete purified ration + 2 per cent sulfasuxidine 
(Group II); @, complete purified ration + excess vitamins + 2 per cent sulfasuxi- 
dine (Group V). 


I to V were as follows: Group I, 139 gm.; Group II, 114 gm.; Group ITI, 
164 gm.; Group IV, 199 gm.; and Group V, 128 gm. It was also found 
that only in Group I did the rate of growth drop off sharply near the end 
of the 5 week period. It is interesting to note that, except for Group V, 
the rate of growth of the animals parallels the ascorbic acid content of the 
livers. However, this does not necessarily indicate that the retarded 
growth is directly related to low levels of liver ascorbic acid. 

The results of the next experiment, which was intended to confirm and 
expand some of the above results, are presented in Table II, from which 
it can be seen that again, at the end of 6 weeks, sulfasuxidine induced a low 
level of liver ascorbic acid as compared to the group getting an identical 
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purified ration lacking sulfasuxidine (compare Groups II and I). Also, 
the levels of ascorbic acid found in each group are very similar to the § 
week levels found in these groups in the previous experiment. Liver 
powder, when added with sulfasuxidine, again caused an increased concen- 
tration of liver ascorbic acid to about the level found in the group getting 
the basal ration (compare Groups III and I), although in this experiment 


TaBLeE II 
Effect of Sulfasuxidine on Rat Growth and Liver Ascorbic Acid Levels 


Group No. | Ration se gain in Ascorbic acid 
gm. per gm. liver* 
I Basal 7 104 306 + 18f 
II ‘¢ + sulfasuxidine 8 107 200 + 14 
III ‘¢ + sulfasuxidine + liver powder 6 161 292 + ll 
IV Stock ration 8 193 400 + 13 
VI Basal + sulfasuxidine + liver powderf 6 170 268 + 12 
VII a rr + ascorbic acid 8 104 279 + 13 
VIII ‘c+ - + high vitamin 6 184 296 + 15 
level (+ Biz) 
IX Basal + sulfasuxidine + liver powdert 6 165 321 + 10 
+ high vitamin level (+ By2) | 
II(a)§ | Basal + sulfasuxidine 6 205 
X§ + Reticulogen 5 212 
XI§ | Stock ration + sulfasuxidine 5 | 350 | 


* In Groups I to IX liver ascorbic acid was determined at the end of a 6 week feed- 
ing period. 

{+ Standard error of the mean. 

t In these rations the casein content was lowered by the maximum amount of 
protein contained in the liver powder so that the total protein content of the ration 
was maintained at 20 per cent. 

§ These groups were composed of rats previously maintained on the Group II 
ration for 6 weeks. Liver ascorbic acid was determined after these rats were fed 
their respective rations for 12 days. 


the increase was somewhat less than that found in the previous one. The 
animals receiving the stock ration (Group IV) again exhibited the highest 
levels of liver ascorbic acid. This finding is also in agreement with that of 
the previous experiment. The liver ascorbic acid of Group VI, which 
received the same ration given to Group III except that the total protein 
content was maintained at 20 per cent, was slightly below the value found 
for Group III. Considering the standard error of the mean, this slight 
decrease is probably of little significance. This indicates that it is not the 
extra protein added to the ration in the liver concentrate which is respon- 
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sible for the increased ascorbic acid found in the livers of the rats getting 
sulfasuxidine plus liver concentrate. The group which received sulfa- 
suxidine plus ascorbic acid (Group VII) exhibited liver ascorbic acid levels 
which were intermediate between those of Groups I and II. Therefore, 
large quantities of dietary ascorbic acid given with a sulfasuxidine-con- 
taining ration apparently do not greatly increase the liver content of 
ascorbic acid. Group VIII, which received 5 times the level of vitamins 
that were present in the basal ration plus vitamin By, exhibited liver 
ascorbic acid levels higher than those found in Group I and near those of 
Group II. Group IX, which received the same ration given to Group VIII 
except that liver powder was added and the total protein content was 
maintained at 20 per cent, also exhibited increased levels of liver ascorbic 
acid which were only slightly higher than those found in Group I. There- 
fore, the results of this experiment confirm those of the preceding one for 
the corresponding groups (Groups I to IV). Also, the results obtained 
from Groups VI to IX indicate that the various supplements added to the 
basal plus sulfasuxidine ration overcame the effect of sulfasuxidine so that, 
in general, the level of liver ascorbic acid is raised to the level found in the 
group which received the basal ration alone (Group I). 

Also presented in Table IT are results for liver ascorbic acid of the three 
groups formed from Group IT and maintained for a 12 day supplementation 
period. It can be seen that there was no significant change in liver as- 
corbic acid in the basal plus sulfasuxidine group during this 12 day period 
(compare Groups II and II(a)). Also, supplementation with 4 drops of 
Reticulogen daily had no significant effect on liver ascorbic acid (compare 
Groups X and II(a)). However, there was a very great increase in the 
liver ascorbic acid of the rats fed the stock ration plus sulfasuxidine (Group 
XI). The average liver content of ascorbic acid in this group was very 
close to the values found for the group receiving stock ration alone for 6 
weeks in both this and the preceding experiment. These results indicate 
that Reticulogen cannot overcome the depressant action of sulfasuxidine 
on liver ascorbic acid, and that some factor or factors are present in the 
stock ration which can almost completely reverse this sulfasuxidine effect. 

The weight data are also presented in Table II. A comparison of the 5 
week weight gain in Groups I to IV of this experiment with these same 
groups of the preceding experiment shows that in general the growth of 
duplicate groups was very similar. However, in this experiment Group I 
exhibited less growth than before. Group VI, which differed from Group 
III only in the protein content of the ration, showed essentially the same 
growth as Group III. The supplementation of the sulfasuxidine-contain- 
ing ration with ascorbic acid had no effect on rat growth (compare Groups 
VII and IT). The growth of the rats in Group VIII (sulfasuxidine plus a 
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high level of vitamins plus Bi.) approached the maximum growth achieved 
in this experiment by Group IV (stock ration). The growth of the rats 
which were given liver powder plus a high level of vitamins (including B,) 
with sulfasuxidine (Group LX) was in the same range as the growth of 
Groups ITI and VI. It appears from these results that liver powder can 
stimulate growth to a level well above that of the groups getting the basal 
ration (Group I) or the sulfasuxidine ration (Group II). However, it is 
difficult to interpret the growth results obtained from Groups VIII and IX, 
It appears that better growth is produced by adding a high vitamin level 
(including By) to the ration than by adding liver powder, which has been 
found to stimulate growth, plus this high vitamin level. 

Sulfasuxidine, because of its low solubility, is believed to be absorbed 
through the intestinal wall to only a negligible extent. This implies that 
sulfasuxidine, by exerting its effect in the alimentary canal, is able to 
lower the ascorbic acid concentration of rat liver. Since sulfasuxidine is 
known to be a bacteriostatic agent (13-17), it appears probable that the 
decrease in liver ascorbic acid is linked with the bacteriostatic action of 
sulfasuxidine on the coliform group of intestinal flora. A strong possi- 
bility exists that sulfasuxidine is inhibiting the bacterial production of one 
or more substances needed by the rat for the synthesis of ascorbic acid. 
If this is true, then the action of the stock ration in overcoming the depres- 
sant effect of sulfasuxidine on liver ascorbic acid may be explained on the 
basis that either the stock ration supplies the rat with a factor or factors 
which are normally supplied by intestinal synthesis or contains a factor 
capable of reversing the action of sulfasuxidine on the intestinal flora. 
Also, since aminopterin is a bacteriostatic agent, it is possible that a part 
of its mode of action in decreasing liver ascorbic acid (1-3) lies in its bae- 
teriostatic effect in the intestinal tract. Work is now in progress to test 
these hypotheses and to elucidate further the relationship between diet 
and liver ascorbic acid levels uncovered in this and in previous investiga- 
tions. 


SUMMARY 


1. Sulfasuxidine, fed in a purified ration devoid of folic acid, produced 
low liver levels of ascorbic acid in the rat. However, the inclusion of 
folic acid in this ration produced only a slight response. Further ex- 
periments confirmed this depressant action of sulfasuxidine on liver as- 
corbic acid. 

2. Various supplements to the sulfasuxidine-containing ration, including 
liver powder, a high level of known vitamins, or a large daily oral sup- 
plement of ascorbic acid, raised the liver ascorbic acid to values near 
those of the group fed a purified ration containing no sulfasuxidine. The 
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jddition of liver powder to excess known vitamins produced a response 
eater than either supplement alone. 

3. A complete stock ration fed with or without sulfasuxidine produced 
levels of liver ascorbic acid markedly higher than those found in rats re- 
eiving the various purified rations. 

4. The implications of these results and earlier results with aminopterin 
om the réle of dietary factors in ascorbic acid synthesis in the rat are dis- 


cussed . 
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Basic phenylmercuric nitrate has been found to inhibit catalase ac- 
tivity as measured by a titrimetric procedure (1). The obvious explana- 
tion that the mercurial reacted with essential —SH groups in the enzyme 
appeared unlikely by reason of the findings of Barron and Singer (2) and 
of Gordon and Quastel (3) that the catalase did not require this group for 
its activity. In the present experiments it therefore seemed desirable to 
extend the investigation of the action of phenylmercuric nitrate on cata- 
lase, to employ other mercurials which have been used as specific —SH 
reagents, to study the ability of sulfhydryl compounds to antagonize the 
depression, to investigate the effect of several amino acids on the depressed 
catalase system in order to determine whether the mercurial inhibition 
could be antagonized by groups other than the sulfhydryl, and to study 
the mechanism of inhibition by spectrophotometry. A gasometric pro- 
cedure was used to determine catalase activity, since this would confirm 
by another technique the depression which had been exhibited with the 
titrimetic method, and also would avoid side reactions which occur with 
the titrimetric technique in the experiments involving sulfhydryl com- 
pounds and amino acids. 


EXPERIMENTAL 


Gasometric Method—The gasometric procedure employed, that of White 
and Winternitz (4) and extensively used by Greenstein (5) in catalase 
studies in relation to cancer, is based upon the rapid evolution of oxygen 
following the addition of hydrogen peroxide to the enzyme-buffer mixture; 
readings were taken at 5 second intervals over a period of 25 seconds. 
The motion of the 200 ml. wide mouth bottle in the shaking machine was 
through a distance of 10 cm. at the rate of four oscillations per second. 
The oxygen output was measured at constant pressure by the rate of dis- 


* Aided by grants (to S. M. R. S.) from the Minnesota Academy of Science and 
(to S. M. A. S.) from the American Academy of Arts and Sciences, the Frederick 
Gardner Cottrell Fund of the Research Corporation, and the Damon Runyon Me- 
morial Fund for Cancer Research, Inc. 
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placement of a dilute solution of methylene blue from an inverted burette 
attached to the reaction bottle by means of rubber tubing. 

In control experiments the wide mouth bottle contained 5 ml. of 0.2 y 
phosphate buffer (pH 6.8), 2 ml. of distilled water, and 1 ml. of the prop. 
erly diluted enzyme, all at approximately 5°. These were allowed to 
stand in contact for 10 minutes at 5°, at the end of which time a 1 ml. vial 
containing 1 ml. of 30 per cent hydrogen peroxide was placed upright in 
the wide mouth bottle before it was put in the shaking machine. As 
shaking began, the vial tipped, allowing the hydrogen peroxide to come in 
contact with the enzyme-buffer mixture. 

The mercurials to be tested for their effect on catalase activity were 
added to the wide mouth bottle in place of 1 ml. of distilled water along 
with the buffer and the enzyme. This mixture was allowed to stand for 
10 minutes in most instances in an ice bath (approximately 5°) before 
making the determination, since experiment showed that longer contact 
with the poison caused but a slightly greater depression by the mercurials. 
In order to determine the ability of the sulfhydryl compounds or the 
amino acids to protect against the depression of catalase by the mercurials, 
the mixture of enzyme-buffer-mercurial with sulfhydryl compound or 
amino acid was allowed to stand for 10 minutes in the ice bath (5°) before 
beginning the experiment. Other antagonism or reversal experiments 
were conducted by allowing the buffer, enzyme, and mercurial to stand 
at 5° for varying periods, after which the sulfhydryl compound or amino 
acid was added just prior to placing the bottle in the shaking machine. 

Preliminary experiments showed that the enzyme-buffer mixture could 
be kept at various dilutions in an ice bath for as long as 90 minutes with- 
out an appreciable decrease in activity. 

Spectrophotometric Method—Absorption readings were taken on a model 
DU Beckman spectrophotometer set at its highest sensitivity. The crys- 
talline catalase solutions used for measurements in the visible range (700 
to 350 my) were dissolved in 10 per cent NaCl in phosphate buffer, pH 
6.8. Addition of the high salt concentration is necessary in facilitating 
solution of the enzyme, which is difficultly soluble in the high concentra- 
tions required for observation of the red band at 625 my. The solutions 
were diluted 1:10 in glass-distilled water for readings in the near ultra- 
violet. 

Concentration of the catalase solutions was determined by measuring 
the absorption at 405 my and using the coefficient of Stern and Lavin (6) 
and the molecular weight of 248,000 with an iron content of 0.099 per cent 
(7) in the equation 


d-c 
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where D = optical density, d = cell thickness, « = extinction coefficient 
= 80.5 mm, and c = concentration (millimoles of Fe per liter). The per 
cent purity of the enzyme was calculated from the spectrophotometric 
data and the dry weight. 

Most of the experiments were carried out at the following concentrations 
of germicide and enzyme: 1 mg. of catalase to 0.04 mg. of basic phenyl- 
mercuric nitrate, 1 mg. of catalase to 0.04 mg. of phenylmercuric hydrox- 
ide, 1 mg. of catalase to 0.16 mg. of p-chloromercuribenzoic acid. These 
ratios are the same as those used in work with cytochrome oxidase re- 
ported previously (8) but were much lower than the ratios used in the 
majority of the activity experiments; 7.e., 1 mg. of catalase to 30 mg. of 
basic phenylmercuric nitrate, 1 mg. of catalase to 30 mg. of phenylmer- 
curic hydroxide, 1 mg. of catalase to 120 mg. of p-chloromercuribenzoic 
acid. Since it is physically impossible to introduce enough of the organic 
mercurial into the highly concentrated solutions of catalase necessary for 
spectral measurements, the ratios had to be significantly reduced. 

The enzyme-mercurial mixtures were allowed to react for 1 hour at 5°. 
They were then brought to room temperature and the spectral measure- 
ments made. The cell chamber of the spectrophotometer was kept at 
room temperature by use of a water-cooled light compartment. The 
“blank” against which the enzyme mixtures were run contained a buffered 
solution of the mercurial used in the experimental solution in the same 
concentration as in the enzyme mixture. In a few experiments in which 
higher concentrations of basic phenylmercuric nitrate (1:0.08 and 1:0.05) 
were used the heavy flocculation that resulted necessitated the centrifuga- 
tion of the enzyme mixtures before the spectrum could be run. 

A series of spectra of heat-denatured catalase solutions was also run. 
The enzyme solution was held at 65° for 10 minutes and brought to room 
temperature and the absorption determined. All heat-denatured solu- 
tions were centrifuged at 3000 r.p.m. for 15 minutes. 

Materials—Catalase was prepared from beef liver according to the 
method of Sumner and Dounce (9). For the activity experiments four 
different preparations were used which had activities of 17,000, 18,000, 
21,000, and 25,000 Kat. f. units, respectively. The concentrated catalase 
preparation was diluted approximately 1:200 according to its activity so 
that an evolution of 20 to 27 ml. of oxygen was obtained in the control 
experiments in 10 seconds, a value arbitrarily selected. 

In the spectral studies four catalase preparations were also used: a 
powdered catalase, No. 30, supplied by the Armour Laboratories and 
three crystalline preparations. The Kat. f. of the various preparations 
was as follows: 5000, 13,000, 30,000, and 36,600.! 


' We are indebted to Dr. J. B. Sumner of Cornell University for this highly active 
catalase. 
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Basic phenylmercuric nitrate and phenylmercuric hydroxide were ob. 
tained from The Hamilton Laboratories, Inc., p-chloromercuribenzoije 
acid from the Schaefer Laboratories, L-cysteine hydrochloride, L-cystine, 
L-histidine hydrochloride, L-leucine, L-proline, pL-tryptophan, and 
sine from General Biochemicals, Inc., and glutathione from the Schwarz 
Laboratories, Inc. Stock solutions were prepared in glass-distilled water, 
basic phenylmercuric nitrate being in a concentration of 1.5 K 10° y 
and phenylmercuric hydroxide 3.0 K 10-* m. The stock solutions of 
phenylmercuric nitrate and hydroxide were slightly acid, varying in pH 
from 4.6 to 7.0 (glass electrode). When added to the enzyme-buffer mix. 
tures, these mercurials did not change the pH of the buffer (6.8). The 
chloromercuribenzoic acid was dissolved by use of a few drops of sodium 
hydroxide and after solution the pH was adjusted to approximately 6.8. 
This solution was diluted in buffer 1:10 to a concentration of 1.4 & 10° 
M. Stock solutions of the amino acids were prepared by dissolving the 
compounds in distilled water. Before use these stock solutions were 
diluted in phosphate buffer, pH 6.8. All reagents including the enzyme 
were chilled for 30 minutes in an ice bath prior to use. All reported con- 
centrations of the reagents are final concentrations. 


Results 


The three mercurials tested (basic phenylmercuric nitrate, phenylmer- 
curic hydroxide, and p-chloromercuribenzoic acid) depressed the activity 
of catalase. Within 10 minutes of contact between the mercurial and 
enzyme, this depression attained 80 per cent of the effectiveness resulting 
from a 1 hour contact, as shown in Table I. On a molar basis, p-chloro- 
mercuribenzoic acid is not as effective an inhibitor as the other mercurials 
(Table I), a fact further demonstrated by the data in Table II in which 
the effects of different concentrations of the mercurials are shown. 

Preliminary experiments showed that neither cysteine nor glutathione 
affected the catalase activity significantly in the concentration range of 
6.6 X 10-4 to 7.2 K 10-4 m and concentrations within this range were 
employed in antagonism experiments. However, if the cysteine in a con- 
centration of 2.0 * 10-* m was allowed to remain in contact with the 
catalase for 10 minutes, 13 per cent depression was obtained, confirming 
the findings of Lemberg and Foulkes (10). The results of twenty-seven 
experiments with cysteine and glutathione at a concentration of 7.0 X 
10-* m and with the three mercurials in concentrations of 1.6 K 10° ™ 
demonstrated the ability of the sulfhydryl compounds to provide definite 
protection against the depressant action of the mercurials (Table III). 
While there was quantitative variation between the results obtained in 
different experiments, in part due to variation in the enzyme preparation, 
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the effect was always definite. In contrast, none of the other amino acids 
in the range of concentrations tested (aspartic acid, 8.3 * 10-* to 1.7 X 
10° M; cystine, 4.6 10-4 M; histidine, 4.6 10~* to 1.4 & 107% M; pro- 
line, 9.5 X 10-4 to 1.9 X 10-3 M; tryptophan, 5.4 X 10~* M; leucine, 2.7 X 
10 to 5.4 X 10-4 M; and tyrosine, 2.0 X 10-* to 4.0 X 10-4 M) afforded 
any protection against depression by 5.0 X 10~* m phenylmercuric nitrate. 


TABLE 


Effect of Length of Exposure of Catalase to Mercurials (1.7 X 10~* u) As Measured by 
Percentage Depression of Enzyme Activity 


Mercurial po senpen After 10 min. After 60 min. 


Phenylmercuric nitrate..................... 17 31 39 
p-Chloromercuribenzoic acid............... 9 | 21 | 23 


Average volume of oxygen evolved in control, 26.6 ml. in 10 seconds. 


TABLE II 


Per Cent Depression of 10 Minute Exposure Period to Mercurial Compounds on 
Catalase Activity at pH 6.8 and 5° 


| 
Concentration | Phenylmercuric nitrate | ic acid 
M 
6.6 X 10° 53 
3.3 X 10-4 37 43 25 
1.7 X 10-4 32 35 17 
8.3 X 1075 25 24 ) 
3.3 X 1075 19 11 
1.7 X 1075 15 4 
6.6 X 10-6 13 2 
3.3 X 10-8 10 
1.7 X 10-* 7 


Average volume of oxygen evolved in control, 24.8 ml. in 10 seconds. 


At these concentrations, the amino acids themselves had no effect on the 
catalase activity. 

Antagonism of the depression by cysteine was also obtained when it was 
added after the enzyme had been subjected to the mercurials for 10 min- 
utes, as also shown in Table III. None of the non-sulfhydryl amino acids 
had this effect. A number of experiments showed that inhibition due to 
longer exposures to the mercurials could also be partially reversed, al- 
though this became increasingly difficult as exposure time increased. For 
example, in a typical experiment 50 ml. of a mixture of buffer, enzyme, 
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and phenylmercuric nitrate (1.7 X 10-4 M) stood in an ice bath and 7 mi. 
portions were removed at intervals, 1 ml. of cysteine (7.2 & 10-4 final 
concentration) was added, and the activity was determined. After 30 
minutes there was 51 per cent reversal, and after 1 hour only 10 per cent 
reversal. Similarly, there was a 45 per cent reversal of phenylmercuric 
hydroxide inhibition after 30 minutes, a 38 per cent reversal after 45 min- 
utes, and a 17 per cent reversal after 1 hour. Inhibition by p-chloro- 


Taste III 
Depression of Catalase Action by Mercury Compounds and Its Antagonism by Cysteine 
and Glutathione 
Final concentration of mercury compound, 1.6 X 10~‘ M, final concentration of 
—SH compound, 7.0 X m. 


Phenylmercuric Phenylmercuric | p-Chloromer- 


nitrate hydroxide curibenzoic acid 
| 


Depression * | | | 
Average % depression + s.d............. 28 (+ 9) 29 (48) 15 (+4) 
No. of determinations.................... 15 oe 4 
Protectiont 
Average % protection with cysteine + s.d. 30 (+10) 54 23 (+9) 
No. of determinations................... ee 1 | § 
Average % protection with glutathione | 
No. of determinations.................... 6 4 4 
Antagonismt | | 
Average % reversal with cysteine + s.d... 40 (+10) | 44 (+13) 27 (+5) 
No. of determinations................... 38 | 8 4 


* Enzyme exposed for 10 minutes to the mercury compound before running the 
experiment. 

t Enzyme exposed for 10 minutes to a mixture of mercury and sulfhydryl com- 
pound prior to the experiment. 

t Enzyme exposed for 10 minutes to the mercury compound prior to the addition 
of sulfhydryl compound. 


mercuribenzoate (1.5 K 10-5 M) was 56 per cent reversed by 7.2 X 10° 
M cysteine after 30 minutes, and 27 per cent after 1 hour. In four other 
experiments, for 30 minute periods, cysteine produced from 29 to 60 per 
cent reversal of the inhibition by the three mercurials. These exper'- 
ments were accompanied by protection experiments in which the enzyme 
was exposed to mixtures of cysteine and mercurial during periods of the 
same duration. The degree of protection in all cases was similar to the 
degree of reversal, as was true of the 10 minute exposures (Table III). 
In all of the catalase preparations, with the exception of the highly 
purified enzyme of Dr. Sumner, the addition of basic phenylmercuric 
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nitrate resulted in an increase in optical density over the entire spectral 
range investigated (700 to 250 mu). No significant shift in spectral bands 
was noted. A few experiments with phenylmercuric hydroxide and 
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Fic. 1. Effect of basic phenylmercuric nitrate (PMN) and heat on powdered 
catalase (No. 30, Armour Laboratories) at pH 6.8. Kat. f., 5000. Concentration of 
catalase in Curves I, II, and III, 5.18 mg. per ml.; in Curves IV, V, and VI, 0.518 
mg.perml. Solutions for Curves III and VI heated at 65° for 10 minutes. Solutions 
for Curves II and V treated with PMN in a ratio of 1 mg. of enayme to 0.04 mg. of 
mercurial. Solutions for Curves III and VI centrifuged for 15 minutes at 3000 r.p.m. 


before spectra were run. The letters refer to density scale on which each curve is 
plotted. 


p-chloromercuribenzoic acid indicate that the effect of these two com- 
pounds on the optical density is less drastic than that of the basic phenyl- 
mercuric nitrate. Increase in extinction due to mercurial treatment was 
much greater in powdered catalase than in any of the crystalline catalases. 
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Fic. 2. Effect of basic phenylmercuric nitrate (PMN) and heat on crystalline 
catalase dissolved in 10 per cent NaCl buffered to pH 6.8. Kat. f., 13,000. Con- 
centration of catalase in Curves I, II, and III, 3.16 mg. per ml.; in Curves IV and 
V, 0.316 mg. per ml. Solutions for Curves III and IV heated at 65° for 10 minutes. 
Solutions for Curves I and V treated with PMN in a ratio of 1 mg. of enzyme to 0.08 
mg. of mercurial. Solutions for Curves III and IV centrifuged for 15 minutes at 


3000 r.p.m. before spectra were run. 


TABLE IV 
Effect of Heat Denaturation on Spectral Bands of Several Catalase Preparations 
Heated* 
Non-heated | 
Kat. f. 5000 Kat. f. 13,000 Kat. f. 30,000 | Kat. f. 36,600 
mu | mu mu mu * 
625 | None None 
405 | | None 335-340 
275 | 275 262-264 265-266 275 (shoulder) 


ment was not run. 
* 65° for 10 minutes. 
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7 None means the band is completely obliterated; the blanks indicate the experi- 
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Increase at the 625 mu band was greater in all cases than that at the 405 
or 275 mp maxima (Figs. 1 and 2). 

Heat denaturing resulted in more drastic effects upon the catalase spec- 
trum. In the powdered catalase (dissolved in M/15 phosphate buffer, 
pH 6.8) a heavy clouding occurred. This turbidity could not be removed 
by centrifugation. ‘The maximum at 405 my was completely masked and 
the extinction at 275 my greatly increased. In more concentrated solu- 
tions complete obliteration of the band at 625 my and reduction of the 
band at 405 my to a very small peak or a mere shoulder were observed. 
In these more concentrated solutions a flocculation of the protein occurred; 
hence a decrease in extinction. followed. Since the crystalline enzymes 
had to be dissolved in 10 per cent NaCl in buffer, the electrolyte concen- 
tration was high enough in all cases to cause the cloudy solution to floc- 
culate. After centrifugation the absorption was significantly lowered. 
In the two crystalline preparations made in our laboratories the band 
at 275 my shifted to 260 to 265 mu, while in Dr. Sumner’s preparation a 
new small band appeared at 335 to 340 muy and a shoulder at 275 
my (Table IV). 


DISCUSSION 


The present results, with the rapid gasometric technique, confirm the 
earlier finding (1) that catalase activity is depressed by basic pheny]l- 
mercuric nitrate and show that phenylmercuric hydroxide and p-chloro- 
mercuribenzoic acid, which have been employed as sulfhydryl-specific | 
reagents (11), do likewise. The inhibition is rapid. Cysteine and gluta- 
thione partially protect catalase against depression by the mercurials, 
whether added simultaneously with the mercurials or within 10 to 45 
minutes afterwards, whereas amino acids containing other reactive groups 
have no such effects. It is of interest that the degree of reversal obtained 
by adding cysteine at these longer intervals is of the same magnitude as 
the protection afforded if the cysteine is present during the entire period 
of exposure to the mercurial. 

It should be noted that catalase is much less sensitive to the mercurials 
than is, for example, the succinoxidase system. The latter system (12) 
can be essentially completely inhibited by concentrations of the mercurials 
(of the order of 10-* m) which only slightly inhibit catalase, and it has been 
impossible to obtain more than 50 per cent inhibition of catalase with any 
usable concentration of the mercurials. Using the titrimetric procedure, 
we also failed to secure greater inhibition by phenylmercuric nitrate (1). 
Catalase is, thus, relatively insensitive to the mercurials; indeed, it is 
much less readily affected than cytochrome oxidase (1, 13, 14), another 
iron porphyrin enzyme believed not to be dependent upon —SH groups 
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(2). Like cytochrome oxidase (14), catalase is lowest in sensitivity to 
p-chioromercuribenzoic acid, which is regarded as being more SH-specific 
than the other mercury compounds. Unlike the mercurial inhibition of 
cytochrome oxidase (13, 14), the inhibition of catalase can be partially 
offset by the subsequent addition of sulfhydryl compounds. In view of 
these results and those of Barron and Singer (2) and of Gordon and 
Quastel (3) catalase should probably continue to be regarded as a non- 
sulfhydryl-dependent enzyme. However, Lemberg and Foulkes (10, 15), 
although finding that iodoacetate does not inhibit catalase, suggest (15) 
that the copper-ascorbic acid inhibition of the enzyme may involve re- 
duction of an —S—S group to —SH groups, which, normally reoxidized 
by hydrogen peroxide, are immobilized by the copper. The polarographic 
studies of Carruthers (16) also suggest the presence of —S—S or —SH 
groups in catalase. 

Inasmuch as amino acids containing reactive groups other than sulf- 
hydryl do not protect against the mercurials, no suggestion is available as 
to other reactive groups in the enzyme proteins with which the inhibitors 
might combine. It is probable that the mercury compounds are here 
acting as non-specific inhibitors, a type of action also suggested by their 
greater effect on succinoxidase as compared with succinic dehydrogenase 
(12, 17), and by our results on cytochrome oxidase (14). Evidence has 
recently been offered that the mercurials may denature the cytochrome 
oxidase protein (8). That a similar effect may be produced on catalase 
is suggested by the spectral data reported in this paper. Under the 
conditions of our experiments a very pure crystalline catalase does not 
undergo spectral alterations when subjected to relatively low concentra- 
tions of organic mercurials, while less pure crystalline enzymes and a 
powdered preparation suffer from the presence of the mercurials. Since 
the difference in purity of these enzymes rests in the amount of non-cata- 
lase protein present, it would appear that the mercurials attack the non- 
catalase protein in preference to the catalase. In the light of work with 
cytochrome oxidase (which has been relatively purified but must still be 
used in a non-crystalline, amorphous form) the mercurials have a strong 
affinity for amorphous protein. It seems reasonable to conclude, however, 
that the high concentration of mercurials which is necessary to depress 
catalase activity would also affect the catalase protein. It has been ob- 
served (unpublished data) that the hemin portion of the molecule is not 
affected by relatively high concentrations of the mercurials. Preliminary 
experiments designed to confirm the general protein-denaturing reaction 
indicate that the reaction of the mercurials follows a typical adsorption 
isotherm equation and the viscosity of the solutions increases with time. 
With cytochrome oxidase (8) the general spectral pattern of the heat- 
denatured enzyme closely paralleled that of the mercurial-treated enzyme. 
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Catalase, however, undergoes a much more profound change when de- 
natured by heat. 


SUMMARY 


The activity of catalase was partially and rapidly inhibited by the or- 
ganic mercurial compounds, basic phenylmercuric nitrate, phenylmercuric 
hydroxide, and p-chloromercuribenzoic acid. Catalase was less sensitive 
to these compounds than were the succinoxidase and cytochrome oxidase 
systems. 

Cysteine and glutathione partially protected the enzyme against the 
inhibition when added simultaneously with or after the mercurial. Amino 
acids without the —SH group (pL-aspartic acid, L-cystine, L-histidine, 
t-leucine, L-proline, pL-tryptophan, and L-tyrosine) were ineffective in 
protecting the enzyme. 

Treatment of three catalase preparations with relatively low concentra- 
tions of the organic mercurials produced an increase in extinction over the 
entire spectral range investigated (250 to 700 my), but no shift in bands 
occurred. A fourth very pure catalase showed no change. Basic phenyl- 
mercuric nitrate had a more drastic effect than the other mercurials. 
Heat denaturation resulted in a profound spectral change. 

It is probable that the depressing effects caused by relatively high con- 
centrations of the mercurials on catalase activity are non-specific and do 
not involve interaction with sulfhydryl groups of the enzyme. 
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A PURIFICATION OF VENOM PHOSPHODIESTERASE* 


By ROBERT L. SINSHEIMER ann JAMES F. KOERNER 
(From the Department of Physics, Iowa State College, Ames, Iowa) 


(Received for publication, May 5, 1952) 


For purposes of analysis of polynucleotides, it is desirable to have a 
phosphodiesterase, substantially free of 5-nucleotidase or other phospha- 
tase activity. The presence of a phosphodiesterase in a wide variety of 
snake venoms was demonstrated by Gulland and Jackson (1). These 
venoms were found also to contain a potent 5-nucleotidase, but were free 
of alkaline phosphatase activity. Hurst and Butler (2) found that certain 
samples of Russell’s viper venom were nearly free of 5-nucleotidase ac- 
tivity, while retaining potent phosphodiesterase action. By a chromato- 
graphic procedure, involving the use of cellulose columns, they were able 
to reduce the 5-nucleotidase activity of rattlesnake venom, relative to its 
phosphodiesterase activity, and to obtain fractions nearly comparable to 
the viper venom. 

For certain purposes, however, such as the determination of the ratio 
of sequential isomers in mixed isomeric dinucleotides, the preparations ob- 
tained from rattlesnake venom by the chromatographic procedure of Hurst 
and Butler are not sufficiently free of 5-nucleotidase action. Therefore, 
a simple acetone fractionation has been developed, which yields a potent 
phosphodiesterase, substantially free of 5-nucleotidase activity, from rattle- 
snake venom. With this preparation, it has been possible to obtain quan- 
titative degradation of di- and trinucleotides to mononucleotides, and to 
degrade a complete desoxyribonuclease digest to mononucleotides with 
the conversion of only 1 per cent of the digest to nucleosides. 


Materials and Methods 


Materials—The rattlesnake venom employed has been that of the eastern 
diamond-back rattlesnake (Crotalus adamanteus) obtained in lyophilized 
form from Ross Allen’s Reptile Institute, Silver Springs, Florida. 

Adenosine-5-PO, was obtained from the Sigma Chemical Company. 

Ca[bis(p-nitrophenyl)phosphate], was prepared from tris(p-nitropheny])- 
phosphate according to the method of Yoshida (3). The tris(p-nitro- 
phenyl)phosphate was prepared according to Rapp! (4). 

Assay for 5-Nucleotidase Activity—To 0.4 ml. of enzyme solution, ap- 


*This work was supported by a grant from the Rockefeller Foundation. 
' It is important to use a considerable (10-fold) excess of fuming nitric acid in the 
nitration of the triphenyl phosphate according to Rapp’s procedure. 
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propriately diluted, add 0.4 ml. of adenosine-5-PO, (450 y per ml.), 0.2 
ml. of 0.3 m MgCl, and 1.0 ml. of 0.1 m glycine buffer, pH 8.8. After a 
3 hour incubation at 37°, 1.0 ml. of 0.5 M acetate buffer, pH 4.0, is added, 
Inorganic phosphate is then determined according to the method of Lowry 
and Lopez (5). The reduced phosphomolybdate was assayed by the ab- 
sorption at 800 my, measured in the Beckman spectrophotometer. 

Assay for Phosphodiesterase Activity—To 0.4 ml. of enzyme, add 0.6 
ml. of 0.1 m glycine buffer, pH 8.8, 0.2 ml. of 0.3 M magnesium acetate, 
and 1.0 ml. of 0.001 m Ca[bis(p-nitrophenyl)phosphate],. After incubation 
for 3 hours at 37°, a 1 ml. aliquot is removed, added to 2 ml. of H.O, and 
the absorption at 440 my read in the Beckman instrument (for complete 
digestion, Dsso = 2.0). 

Purification of Venom Phosphodiesterase—1 gm. of rattlesnake venom 
is suspended in 100 ml. of H,O at room temperature. Any insoluble ma- 
terial is removed by centrifugation and discarded. ‘To the supernatant 
solution are added 67 ml. of reagent acetone. The mixture is allowed to 
stand for 1 hour in the cold room, after which it is centrifuged for 1 hour 
at 10,000 r.p.m. in the Servall centrifuge. The precipitate is discarded. 
To the supernatant solution are added 133 ml. of reagent acetone. The 
mixture is allowed to stand overnight in the cold room, after which it is 
centrifuged for 1 hour at the full speed of the Servall centrifuge (16,000 
r.p.m.). The supernatant solution is discarded. 

The precipitate is suspended in 100 ml. of HO and any insoluble matter 
is removed by centrifugation. The 40 and 67 per cent acetone cycle is 
then repeated. The final sediment is dissolved in 32 ml. of H2O and any 
insoluble matter centrifuged. 

If desired, further purification of the phosphodiesterase preparation may 
be achieved by selective thermal inactivation. The preparation is divided 
into twenty 1.5 ml. portions and incubated for 40 minutes in a water bath 
at just 65°. 


Results 


After the second acetone fractionation, the redissolved preparation is 
18 to 20 per cent as active as the original venom solution as regards phos- 
phodiesterase activity, and 0.02 to 0.03 per cent as active as regards 
5-nucleotidase activity. This preparation is adequate for quantitative 
degradation of di- and trinucleotides to mononucleotides. The subsequent 
thermal inactivation destroys 60 per cent of the diesterase activity, but 
reduces the 5-nucleotidase activity below a detectable level in the test 
system employed. 

With the thermally treated preparation, it is possible to obtain a nearly 
quantitative degradation of a desoxyribonuclease digest of desoxyribo- 
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nucleic acid (DNA) to mononucleotides. 2 mg. of a highly polymerized, 
incompletely dried preparation of calf thymus DNA (6) (containing 150 y 
of P) were dissolved in 0.5 ml. of 0.5 M acetate buffer, pH 6.5. To this 
were added 0.4 ml. of a solution of crystalline desoxyribonuclease (Worth- 
ington Biochemical Sales Company) containing 100 y per ml., 0.2 ml. of 
0.3 M magnesium acetate, and 0.6 ml. of HO. After incubation for 48 
hours at 37°, under hexane, during which time the ultraviolet absorption 
at 260 my increased by 48 per cent, 1.0 ml. of 0.2 m NH,OH-NH, acetate 
buffer, pH 9.2, was added, plus 0.25 ml. of the diesterase preparation. 
After further incubation for 6 hours at 37°, during which time the ultra- 
violet absorption at 260 mu increased a further 26 per cent, the digest was 
fractionated into mononucleotides by ion exchange chromatography on 
Dowex 1, essentially according to the procedure previously described? (7) _ 


TABLE I 
Molar Proportions of Mononucleotides in Calf Thymus DNA 


5-Methyl- Cytidylic | Thymi- Adenylic Guanylic 


| cytidylic dylic | 
Diesterase 0.067 | 0.83 | 1.09 | 1.15 0.87 
Data of Wyatt (8)................... 0.052 | 0.85 | 1.11 | 1.13 0.86 


A column 3 mm. in diameter and 10 cm. in height was employed, with a 
flow rate of 2.3 ml. per hour. 

Only 1 per cent of the digest appeared as nucleosides, the remainder 
being accounted for as mononucleotides. The molar proportions of the 
mononucleotides obtained are in generally good agreement with those ob- 
tained by other workers (Table I). 


SUMMARY 


1. A procedure is described for the purification of rattlesnake venom 
phosphodiesterase from 5-nucleotidase activity by acetone fractionation 
and selective thermal inactivation. 

2. With the purified phosphodiesterase preparation, it is possible to 
obtain substantially quantitative degradation of desoxyribonuclease digests 
to mononucleotides. 


?One important modification to the published procedure is the use of 0.03 m 
acetate buffer, pH 4.3, to elute the desoxy-5-methyleytidylic and desoxycytidylic 
acids. The lower acetate concentration permits complete resolution of these two 
nucleotides. 
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The methods devised for the quantitative determination of nucleic acids 
are based partly on the determination of phosphorus (1) or of the sugar 
moiety (2-4) and partly on the determination of both (5). 

Detailed information on the basic composition of extracted, purified 
nucleic acids has been obtained by study of the purine and pyrimidine 
content (6-8). As far as the determination of desoxyribonucleic acid 
(DNA) is concerned, the most commonly used methods, the dipheny]l- 
amine reaction according to Dische (2) and the cysteine reaction according 
to Stumpf (4), permit quantitative determinations of DNA in concentra- 
tions ranging from 25 to 250 y per ml. A new method has now been devised 
which is about 10 times more sensitive. 

In 1929 Dische (9) demonstrated that indole gives a color reaction with 
DNA. It reacts also with different sugars and aliphatic aldehydes, but 
the color formed by reaction with these substances is easily extracted by 
chloroform, whereas that given by DNA is not. The indole reaction with 
DNA has been studied in order to test its specificity and to find the con- 
ditions for its quantitative application. 


EXPERIMENTAL 


Reagents—0.04 per cent indole, ¢.p., solution in distilled water; concen- 
trated HCI (sp. gr. 1.19); standard DNA solution in concentrations ranging 
from 2.5to 15y perml. The indole is dissolved in warm water; the solution 
is then cooled under running water and diluted to volume. It is perfectly 
stable when stored in the refrigerator. 

2 ml. of the solution to be tested are measured into a thoroughly cleaned 
test-tube. 1 ml. of the indole solution, prepared as described above, and 
1 ml. of concentrated HCl are added and the mixture is shaken well. The 
test-tube, covered with an aluminum cap to decrease evaporation and to 
avoid contamination, is placed in a boiling water bath for 10 minutes. The 
tube is then cooled under running water, and the solution is extracted three 
times with 4 ml. of chloroform each time and centrifuged to give a com- 
pletely clear water phase. As the purity of the chloroform is of the utmost 


* Present address, Istituto Carlo Erba per Ricerche Terapeutiche, Milano, Italy. 
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importance, it had been previously purified by repeated extractions with 
concentrated sulfuric acid, followed by water, and then freed of water by 
keeping it for 48 hours over calcium chloride. Finally, it was distilled 
to give a product boiling at 61°. 

The intensity of the yellow color which develops is read with a Beckman 
spectrophotometer at 490 mu against a blank treated in an identical man- 
ner. Under the conditions described above, the colored solution is com- 
pletely clear before and after shaking with chloroform. A faint pink or 
yellowish color appears in the blank as well as in the solutions tested, but 
it passes readily into chloroform as a faint pink color. The color given by 
DNA is stable for several hours. On long standing at room temperature, a 


0.3 
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400 420 440 460 480 500 520 540 my 
WAVE LENGTH 
Fic. 1. Absorption spectrum of the color formed by the DNA-indole reaction. 
Cell length, 1 cm.; concentration, 15 y per ml. 


rose-pink color forms, which could interfere with the readings, especially 
at the lowest concentrations. By an additional extraction with chloro- 
form, the color formed on standing is eliminated and the readings ob- 
tained are identical with those taken immediately after the reaction. The 
absorption curve (Fig. 1) between 400 and 550 mu shows a sharp peak at 
490 mu and a small but constant rise at 460 mu. 

Beer’s law is followed at concentrations ranging from 2.5 to 15 y per ml. 
The best results are obtained at concentrations from 5 to 15 y per ml. The 
average error of the experimental values found when studying different 
solutions and different concentrations of the same DNA sample is +9 
per cent. 

Three samples of DNA have been used. One sample (DN4A-I)! gave 


1] wish to thank Dr. L. Cavalieri of the Sloan-Kettering Institute for having 
kindly supplied the DNA sample used as a standard. 
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the following analysis: N 13.4 per cent, P 8 per cent, adenine 10 per cent, 
guanine 7.4 per cent, cytosine 4.7 per cent, thymidine 8.4 per cent, N: P 1.68. 

For the other two samples, only the phosphorus content has been deter- 
mined. It was 8.73 per cent for DNA-II and 7.86 per cent for DNA-III. 
The optical density at 260 muy, the color produced with indole, and the 
phosphorus content were measured for the different samples after they had 
been dissolved in 0.1 N NaOH. As is shown in Table I, there appears to be 
a constant relationship between the phosphorus content, the optical den- 
sity at 260 my, and the intensity of color in the reaction with indole. 

The optical densities per mole of phosphorus presented in Table I are 
somewhat lower than that reported by Ogur and Rosen (10); however, data 


TABLE I 
Analytical Data for DNA Samples 


All samples were read in 1 cm. cells; the samples for the reading at 260 my were 
dissolved in 0.1 nN NaOH. 


Nature of analytical data | DNA-I DNA-II | DNA-III | Average 
Optical isin at 260 my» per y DNA per ml...) 0.0197 | 0.0225 | 0.0186 | 0.0202 
‘* — of indole reaction at 490 mu per 
Cyieat density at 260 my per y P per ml....... 0.246 | 0.256 | 0.237 | 0.246 
260 mole P per liter. 7.63 7.92 7.35 7.63 
of indole reaction at 490 my per 
Optical density of indole reaction at 490 my per 
Ratio of densities at 260 my and at 490 mz....... 1.09 1.09 1.07 1.08 


similar to theirs were obtained when the DNA was dissolved in 10 per 
cent perchloric acid and kept at 70° for half an hour. For example, with 
DNA-III, the perchloric acid treatment induced a displacement of the 
absorption maximum from 260 to 268 mu; at the same time the optical 
density for each microgram of DNA increased from 0.0186 to 0.0225; this 
represents a density of 0.286 per microgram of phosphorus per ml. and of 
8800 per mole of phosphorus. These data are in agreement with those of 
Ogur and Rosen. 

The results of the reaction with indole did not show any difference be- 
tween the DNA dissolved in acid and that dissolved in alkali (see Fig. 2). 

If one assumes for the DNA a theoretical phosphorus content of 9.89 
per cent, the theoretical optical density per microgram of DNA per ml. 
may be calculated on the basis of the data reported in Table I. The values 
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of these factors are 0.0246 for the ultraviolet absorption at 260 my under 
alkaline conditions, and 0.0225 for the indole reaction (see Fig. 3). 
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OPTICAL DENSITY 


¥ PER ML. 
Fic. 2. The relation of optical density to concentration of the three DNA prep- 
arations: A DNA-I, ODNA-II, 0 DNA-IIIL. A, absorption at 260 my; cell length, 


1 em.;0.1 Nn NaOH. B, absorption for the indole reaction at 460 mu. 
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Fic. 3. The relation of optical density to concentration for a DNA with a theo- 
retical phosphorus content of 9.89 per cent. A, absorption at 260 my; cell length, 
1 cm.; 0.1 N NaOH. B, absorption for indole reaction at 460 mug. 


The factor indicated for the indole reaction, however, cannot be used 
as such to determine the DNA content of an unknown solution from a given 
density value, because the curve does not go to zero but to 0.01. For this 
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reason, from the figures for the spectrophotometric readings one must sub-_ 
tract 0.01 before dividing by the factor. 


Specificity of Reaction 

In order to investigate the specificity of the reaction under the condi- 
tions used, many different substances have been tested. Pentose nucleic 
acid (PNA), ribose, levulose, glucose, xylose, mannose, arabinose, lactose, 
galactose, sorbose, sorbitol, 9-a-L-arabofuranosyladenine,? 9-a-D-arabofura- 
nosyladenine (11), glucosamine, ascorbic acid, levulinic acid, casein hy- 
drolysate, uric acid, creatine, and creatinine have all been examined. 

Glucosamine, sorbitol, levulinic acid, uric acid, creatinine, and creatine 
at a concentration of 100 y per ml. give no color. Casein hydrolysate at a 
concentration of 1 mg. per ml. gives a faint yellow color which is extracted 
completely by chloroform. PNA, ribose, levulose, glucose, xylose, sucrose, 
mannose, lactose, galactose, sorbose, and ascorbic acid give a pink color 
of varying intensity; levulose, sucrose, and sorbose give the most intense 
color. The colors developed show a maximum of absorption at 490 my for 
all the compounds tested, but without a sharp peak. The colors, however, 
are completely extracted by chloroform, in which they become more in- 
tense. PNA and ribose added in amounts of 100 y per 10 y of DNA did 
not vary the results from those for a solution containing only 10 y of DNA, 
when the readings were made after extraction with chloroform. 

Arabinose yields a color which is only partially extracted by chloroform. 
Its absorption curve shows a sharp peak at 490 my and is similar in shape 
to the curve given by DNA. Arabofuranosyladenine reacts like arabinose 
and gives an intensity of color based on its content of arabinose. Arabinose 
actually interferes in the reaction, probably forming the same compound 
as desoxyribose during the acid hydrolysis. However, the intensity of 
the color given by arabinose is very low; it corresponds to 8 per cent of the 
color produced by DNA. The fact noted above does not seem to be of 
much importance when studying animal tissues, but this interference must 
be considered when studying organisms which may contain arabinose. In 
these cases, only the method of preparation of the extracts can increase 
the specificity of the method. We have not yet found any other com- 
pound which behaves in the same manner as arabinose. Desoxyribose, 
too, gives the same color reaction as DNA, but one of much lower inten- 
sity than would be expected from the calculation of the desoxyribose con- 
tent of DNA. 


Mechanism of Reaction 


It was of interest to investigate the probable nature of the colored com- 
pound formed during the reaction between indole and DNA under the 


* Prepared by B. A. Lowy and J. Davoll of the Sloan-Kettering Institute. 
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conditions used. As Dische has already pointed out, the reaction is given 
by the sugar moiety. This is indicated by the reaction with arabinose and 
with desoxyribose. Probably, only the purine-bound desoxyribose reacts, 
as the pyrimidine-bound sugar molecules are hydrolyzed with difficulty. 
Several tests have been made to determine the mechanism of the reaction. 

Two other compounds of the indole group, namely 6-methylindole and 
diskatole, produce a pink color proportional to the DNA concentration 
when used under the same conditions as for indole. Isatin does not give 
any colored compound, nor does tryptophan. Thomas (12) describes 4 
color reaction of DNA with tryptophan. However, the concentrations of 
DNA and of tryptophan which he used were much higher and the hydrolysis 
conditions more vigorous than ours. Addition of cupric chloride does not 
enhance the effect of the reaction between DNA and indole. However, 
it enhances the color given by §-methylindole and by diskatole. The 
color produced by the former is changed under these conditions from pink 
to violet. Stannous chloride, a strong reducing agent, completely inhibits 
the indole reaction with DNA and decreases that with sucrose and levulose. 

Levulinic acid at concentrations as high as 1 mg. per ml. does not produce 
any color with indole. As levulinic acid is the end-product of the acid hy- 
drolysis of desoxyribose (13), one must assume that the reaction is given 
by an intermediate compound. 

Dische and Borenfreund (14) recently reported the use of indole as a 
reagent to determine amino sugars colorimetrically. The reaction was 
carried out after deamination and under different conditions from those 
described here. Under our conditions amino sugars do not interfere. 


SUMMARY 
A method for the microdetermination of DNA is described. It is based 
on the measurement of the density of color produced in the reaction be- 
tween DNA and indole when heated in the presence of HCl. The DNA 
can be determined quantitatively in concentrations ranging from 2.5 to 


15 y per ml. 
Studies on the specificity and nature of the reaction have been conducted. 


I want to express my best thanks to Dr. C. C. Stock for advice and to 
Miss Mary Tompkins for her valuable technical assistance. 
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TRACE METAL CONTENT OF SOME NATURAL AND 
SYNTHETIC MEDIA* 
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(From the Connaught Medical Research Laboratories, University of Toronto, Toronto, 
Canada) 


(Received for publication, April 16, 1952) 


Control of trace metal contamination is of known importance in studies 
on the nutritional requirements of bacteria, molds, and Protozoa. The 
metallic content of the medium can also be a limiting factor in microbio- 
logical assays and in determinations of enzyme activity. During studies 
on the nutrition of animal cells cultivated in vitro (1-3), it was observed 
that low concentrations of certain heavy metals, particularly iron (1) and 
cobalt (2), had a definite effect on cell survival and multiplication. Since 
different responses were obtained when the trace metals were incorporated 
in synthetic and natural mixtures, it was of interest to determine the trace 
metal content of these mixtures. The results of the assays, to be re- 
ported here, will provide a basis for further studies on the rdéle of trace 
metals in cell metabolism and will serve as examples of contaminants that 
may be encountered in other biological systems. 


Methods 


The trace metal determinations were carried out by a procedure involvy- 
ing immiscible solvent extraction in the presence of chelating agents.! 
An appropriate sample, ranging in volume from 10 to 1000 ml., was wet 
ashed with nitric and perchloric acids and the residue taken up in water. 
A non-specific extraction with diphenyl] thiocarbazone (dithizone) in carbon 
tetrachloride at pH 8.5, in the presence of citrate, fractionated the trace 
metals and left iron, aluminum, and manganese in the aqueous phase. 
The carbon tetrachloride phase was shaken with dilute HCl to transfer 
zinc and lead to the aqueous phase. These metals were then deter- 
mined spectrophotometrically as dithizonates. The residual carbon tetra- 
chloride phase was oxidized with perchloric acid and the residue taken up 
in dilute nitric acid. On portions of this aqueous phase, copper was deter- 
mined with diethy! dithiocarbamate, cobalt with nitroso-R salt, and nickel 
with dimethylglyoxime. The aqueous phase from the non-specific dithi- 

* This investigation was supported, in part, by a grant from the National Cancer 
Institute of Canada. The Hilger Uvispek used in the work was purchased under a 


grant from the Foster Bequest to the Faculty of Medicine, University of Toronto. 
Romans, R. G., Bond, M., and Healy, G. M., in preparation. 
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zone extraction was oxidized with perchloric acid to destroy citrate, and 
the residue was dissolved in water. On portions of this aqueous phase, 
manganese was determined as permanganate, and iron and aluminum were 
determined as oxinates after adjustment of the pH and extraction with 
8-hydroxyquinoline (oxine) in chloroform. The aqueous phase from the 
extraction of aluminum would contain sodium, potassium, calcium, and 
magnesium. Assays for these metals were not carried out. 

All spectrophotometric determinations were made in a Hilger Uvispek 
set at the appropriate wave-length for the colored metal derivative. In 
all cases, the determinations were based on standard curves which obeyed 
the Beer-Lambert law within the concentration ranges employed. Full 
details of the assay procedure and the standard curves will be reported 
separately. 

The exact composition of the various synthetic mixtures has already 
been described (1). The natural media tested included horse serum, 
chicken plasma, chicken serum, and chick embryo extract (4). The chicken 
plasma and serum were obtained from year-old cockerels. 


Results 


Trace Metal Content of Synthetic Mixtures—Trace metal determinations 
were made on a balanced salt mixture containing glucose (a modified 
Tyrode’s solution) and on several synthetic mixtures of increasing com- 
plexity (1) that were devised by the systematic addition to the balanced 
salt mixture of amino acids (Mixture 22), vitamins and Tween 80 (Mix- 
ture 81), purines, pyrimidines, and cholesterol (Mixture 88), certain inter- 
mediary metabolites and accessory growth factors and iron (Mixture 199). 
The results of these assays are shown in Fig. 1, from which it is evident 
that there is a progressive increase in the total trace metal content as the 
synthetic mixtures have become more complex. It is interesting to note 
that, although iron and aluminum show the greatest increases, the con- 
centration of copper remains practically unchanged from that present in 
the modified Tyrode’s solution. Preparation of the balanced salt solution 
from a completely different set of chemicals reduced appreciably the level 
of copper but increased considerably the amounts of iron and aluminum. 
Cobalt, which is not shown in Fig. 1, was present to the extent of 1.07 
per 1000 ml. in Mixture 199, but could not be detected in the simpler syn- 
thetic mixtures tested. It is probable that this trace of cobalt was in- 
troduced as a contaminant of the ferric nitrate incorporated in Mixture 199. 

Trace Metal Content of Natural Media—Assays were carried out to de- 
termine the amount of certain trace metals present in various naturally 
occurring substances commonly employed in non-synthetic tissue culture 
media. The results, presented in Table I, indicate slight differences in 
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50. TRACE METALS (ypg./ 
IN SYNTHETIC MEDIA 


30. 


20. 


0 
Zn Pb CuFe Ai Zn PbCu Fe Ait Zn PpCuFe Ai Zn Po CuFe Ai Zn Pb CuFe Al 


TYRODES NO. 22 NO. 81 NO. 88 NO.I199 


Fic. 1. Amount of certain trace metals in synthetic tissue culture media of in- 
creasing complexity devised by the systematic addition toa modified Tyrode’s solu- 
tion of amino acids (Mixture 22), vitamins and Tween 80 (Mixture 81), purines, 
pyrimidines, and cholesterol (Mixture 88), certain intermediary metabolites and 
accessory growth factors and iron (Mixture 199). Each value represents the average 
of several determinations. 


TABLE I 


Trace Metal Content of Certain Naturally Occurring Substances Commonly Used in 
Non-Synthetic Tissue Culture Media 


Metal concentration, 7 per 100 ml.* 
Substance tested 
Zn —s Pb Cu Fe Al Co Mn 

Chicken plasma................. 195 10.0 37.5 120 70 5.0 8 
178 | 7.5 25.0 128 70 7.0 
Horse serum..................... 47 20.0 62.5 100 50 0.5 10 
Chick embryo extract........... 123 8.0 152.0 133 13.010 


* Each value represents the average of several determinations. 
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the trace metal content of chicken plasma and chicken serum. Marked 
differences were found between fowl serum and horse serum in their content 
of zinc, lead, copper, and cobalt but not in the amounts of manganese, 
iron, or aluminum that were present. Chick embryo extract was found 


2! 
TRACE METALS (9./100mi.) 


AFTER PURIFICATION STEPS 


re) 
Zn Pb Cu Fe Ai ZnPbCuFe Ai ZnPbCuFe Al ZnPb Cu Fe Al 
TAP WATER ONCE DIST, TWICE DIST. ION EXCH. 


Fic. 2. Amount of certain trace metals in Toronto tap water, in water after pas- 
sage through a metal Barnstead still,in water from the Barnstead still redistilled in 
an all-Pyrex apparatus, and in water from the Barnstead still passed through a 
mixed bed ion exchange column. Each value represents the average of several 
determinations. 


to contain amounts of lead, cobalt, manganese, and iron that were com- 
parable with those present in chicken plasma and serum, but the copper 
content was considerably higher and the levels of zine and aluminum were 
appreciably lower. 

Trace Metal Content of Water after Various Methods of Purification— 
Since the synthetic mixtures were all in aqueous solution, the quality of 
the distilled water became a matter of the utmost importance. Accord- 
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ingly, trace metal assays were carried out on Toronto tap water, on water 
passed through a metal Barnstead still, on water from the Barnstead still 
redistilled in an all-Pyrex apparatus, and on water from the Barnstead 
still subsequently passed through a mixed bed ion exchange column.? In 
each instance, the volume was concentrated from 1000 ml. to approxi- 
mately 10 ml. before the assay was performed. From the results, shown 
in Fig. 2, it is apparent that passage through a Barnstead still has greatly 
reduced the trace metal content of the water, although the aluminum con- 
tent is still appreciable. It is interesting to note that passage through the 
metal still has increased the copper concentration by approximately one- 


TABLE II 


Trace Metal Content of Redistilled and Ion Exchange Water before and after Storage 
for 2 Weeks in Different Types of Containers 


Metal concentration, y per 1000 ml.* 


Sample 
Zn | Pb | Cu Fe Al 
Barnstead water redistilled in Pyrex 1.4 0.9'0.5; 0.9) 1.0 
then stored in 4.6 | 3.0}1.2) 4.5 | 10.2 


Pyrex bottle 
Barnstead water redistilled in Pyrex, then storedin | 5.6 | 4.1 | 1.4 | 10.5 | 15.0 
paraffin-lined bottle 
Barnstead water passed through mixed bed ion ex- , 0.5 | 0.5/0.5 | 0.5) 1.0 
change column 
Water from ion exchange column stored in polyeth- | 1.5 | 1.5/)0.6) 1.5) 1.3 
ylene bag 


* Each value represents the average of several determinations. 


fifth. Redistillation in an all-Pyrex apparatus reduced the trace metals 
to very small amounts. Water from the Barnstead still subsequently 
passed through an ion exchange column was slightly lower in trace metals 
than water redistilled in Pyrex. 

Effect of Storage on Trace Metal Content of Water—In connection with 
studies on synthetic media now being carried out in this laboratory, large 
quantities of water low in trace metals are required for the preparation of 
media and for the rinsing of glassware. As the demand for such water 
increased, it became necessary to run the stills continuously and to store 
any excess water in the refrigerator until needed. It was important, 
therefore, to determine whether the trace metal content of the water in- 


? The apparatus used was the Filtr-Ion unit (containing a mixture of Amberlites 
IR-120 and IRA-400) obtained from the LaMotte Chemical Products Company, 
Towson, Maryland. 
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creased during storage. Batches of water freshly redistilled from glass 
were stored in 10 liter Pyrex bottles, and in 10 liter bottles lined with 
paraffin wax. Other batches of water that had been passed through the 
ion exchange column were stored in 10 liter bottles lined with polyethylene 
plastic bags. After a 2 week period in the refrigerator, 1000 ml. samples 
were removed from each bottle and concentrated to approximately 10 ml, 
for the trace metal assays. From the results of these assays, which are 
presented in Table II, it is evident that water stored in either Pyrex or 
paraffin-lined bottles becomes unsuitable because of the marked increase 
in trace metals. Water stored in bottles lined with polyethylene plastic 
bags shows very little trace metal contamination and this method appears 
to be satisfactory for routine use. 


DISCUSSION 


The purpose of the present investigation was to determine the level of 
trace metals in various synthetic and natural mixtures in order to provide 
a basis for further studies on the mineral requirements of animal cells in 
tissue culture. For this reason, the assays were restricted to metals of 
possible nutritional significance (5) and no attempt was made to determine 
exhaustively all trace metals present. By the method employed, total 
metal was estimated in each instance and no distinction was made between 
bound and free metal or between the different oxidative states of cations 
such as iron and manganese. Within these limitations, the method was 
found to give consistent and reproducible results and close agreement was 
obtained between replicate assays. 

Trace metal assays on synthetic mixtures of increasing complexity 
(Fig. 1) showed that there was a progressive increase in individual and 
total metals as the mixtures became more complex. This increase was a 
gradual one and could not be attributed to any one substance or group of 
substances, although the greater part of the total metals present was con- 
tributed by the salts of the modified Tyrode’s solution. These results 
suggest that control of the metals present in the complex synthetic mix- 
tures might best be achieved by the use of chelating or sequestering agents 
rather than by exhaustive repurification of the individual components of 
the mixtures. 

Assays on natural tissue culture media (Table I) indicate that chicken 
plasma, horse and chicken serum, and chick embryo extract are relatively 
high in trace metals. Although references to comparable studies on avian 
serum and plasma have not been found in the literature, the values ob- 
tained in the present investigation are in genera) agreement with the nor- 
mal ranges for trace metals previously established for mammalian blood 
(6, 7). It should be pointed out that considerable variation might be 
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expected among samples of natural media obtained under different con- 
ditions and from different animal species. It is believed, however, that 
the present assay values will serve as a general indication of the trace 
metal content of other media of natural origin. 

Investigation of the trace metal content of water after various methods 
of purification (Fig. 2) showed that passage of water from the Barnstead 
still through an ion exchange column reduced the metal content to a lower 
level than did redistillation in an all-Pyrex apparatus. It was also ob- 
served (Table II) that storage of such water in either Pyrex or paraffin- 
lined bottles resulted in a marked increase in the trace metal content. 
This accumulation of metals was prevented by lining the storage bottles 
with inexpensive polyethylene plastic bags. Water purified by the ion 
exchange method has been used on several thousand tissue cultures with- 
out harmful effect. Since animal cells cultivated in synthetic media have 
been shown to be extremely sensitive test objects (8), it would appear that 
ion exchange water may be safely employed in other biological systems. 
In fact, Liebig, Vanselow, and Chapman (9) have recommended such 
water for use in studies on plant nutrition. 

Although water forms the basis for all media used in nutritional and 
biochemical studies, surprisingly little attention has been paid to factors 
that may affect its quality. It is generally assumed that redistillation 
from an all-Pyrex apparatus results in water of a uniformly high quality. 
The results of the present investigation show that water of high purity 
may be obtained by redistillation from an all-Pyrex apparatus or by pass- 
age of ordinary distilled water through a mixed bed ion exchange column, 
but that subsequent conditions of storage may render such water unfit for 
biological use. The storage of purified water in plastic bottles or in glass 
bottles lined with plastic bags is recommended as a simple and inexpensive 
means of preventing the accumulation of undesirable amounts of trace 
metals. 


SUMMARY 


1. Trace metal determinations were made on several synthetic tissue 
culture media of increasing complexity. Trace metal determinations were 
also made on chicken plasma, horse and chicken serum, and chick embryo 
extract, substances commonly used in non-synthetic media. 

2. Various methods of water purification have been studied and the 
lowest trace metal content was found in water from a Barnstead still sub- 
sequently passed through a mixed bed ion exchange column. 

3. The trace metal content of redistilled and ion exchange water was 
determined before and after storage in different types of containers. The 
use of polyethylene bags as bottle liners was found to prevent the accumu- 
lation of trace metals. 
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ENZYMATIC SYNTHESIS OF CITRIC ACID 
V. REACTION OF ACETYL COENZYME A 


By JOSEPH R. STERN anp SEVERO OCHOA* 


(From the Department of Pharmacology, New York University College of Medicine, 
New York, New York) 


AND FEODOR LYNENT 
(From the Chemical Institute, The University, Munich, Germany) 


(Received for publication, May 6, 1952) 


It was shown in a previous paper (1) that crystalline condensing en- 
zyme catalyzes a reversible reaction between acetyl CoA! and oxalacetate 
to yield CoA and citrate. The isolation of acetyl CoA (2) has made pos- 
sible a further study of this reaction. 

The evidence presented by Lynen et al. (2) that acetyl CoA is an acety- 
lated mercaptan of the structure CoA—S—CO—CH; has been supported 
by the finding that the synthesis of citric acid is accompanied by the 
appearance of stoichiometric amounts of sulfhydryl. The equilibrium 
constant of the condensation reaction (Reaction 1) has been determined 
spectrophotometrically through coupling with the malic dehydrogenase 
system (Reaction 2). The over-all reaction (Reaction 3) is strongly pH- 
dependent. 


(1) Acetyl CoA + oxalacetate + H,O0 = citrate" + CoA + Ht 
(2) t-Malate + DPNt+ = oxalacetate + DPNH + Ht 


(3) Net reaction, L-malate~ + acetyl CoA + DPN* + H,0 = citrate + CoA 
+ DPNH + 2H* 


From the experimentally determined values of the apparent equilibrium 
constants of Reactions 2 and 3, it has been calculated that the free energy 
of the acyl-mercaptide bond in acetyl CoA is of the order of 12,000 calories 
per mole. Preliminary accounts of part of this work have been published 
(1, 3, 4). 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Research 
Council), the Office of Naval Research, and the Rockefeller Foundation. 

t Aided by grants from the Research Foundation of Germany and C. H. Boeh- 
ringer and Son, Ingelheim-am-Rhein. 

‘The following abbreviations are used: CoA = coenzyme A, acetyl CoA = acetyl 
coenzyme A, DPN and DPNH = oxidized and reduced diphosphopyridine nucleotide, 
respectively. 

*The symbol CoA represents the coenzyme A residue without the SH group. 
Thus, COA—SH = CoA. 
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Liberation of Sulfhydryl—As already demonstrated (1), the enzymatic 
synthesis of citrate from acetyl CoA and oxalacetate does not require the 
addition of cysteine or other thiols. This permitted a quantitative deter- 
mination of the sulhydryl formed in the course of the reaction. Typical 


I 


Liberation of Sulfhydryl wpon Enzymatic Synthesis of Citrate from Acetyl CoA and 
Ozxalacetate 

The system contained 50 um of potassium phosphate buffer, pH 7.4, 4 um of MgCl,, 

5 uM of potassium oxalacetate, 0.10 mg. of crystalline condensing enzyme, and acety| 

CoA as indicated. Final volume, 1.0 ec. Temperature, 23°. Nitrogen in the gas 

phase. Values corrected for zero time controls (0.01 to 0.05 um). 


Experiment No. Acetyl CoA Incubation time Sulfhydryl Citrate 
meg. | min. | uM uM 

3 | 1.0 0.36 | 5 | 0.38 0.34 


* Determined by sulfanilamide acetylation. 


TABLE II 
Citrate Synthesis from Acetyl CoA and Ozxalacetate As Function of Time 
Each cc. of reaction mixture contained 50 um of potassium phosphate buffer, pH 
7.4, 4 um of MgCl., 5 um of potassium oxalacetate, 0.44 um of acetyl CoA (purity 58 
per cent as determined by sulfanilamide acetylation), and 2 y of crystalline con- 
densing enzyme in 1 per cent crystalline ovalbumin. Total volume, 3.0 cc. Tem- 


perature, 25°. 


Time Citrate citrate 
min. pe per ce. 
2 0.17 0.080 
4 0.31 0.078 
8 0.39 0.049 
10 0.42 0.042 
12 0.44 0.037 


experiments are shown in Table I. The sample of acetyl CoA used in 
Experiments 1 and 2 was 5.8 per cent pure, while that used in Experiment 
3 was 29 per cent pure. 

Time Course—The experiment illustrated in Table II shows that acety! 
CoA has a high affinity for the condensing enzvme. With 4.4 x 10 M 
acetyl CoA, the rate of citrate synthesis was constant for about 4 minutes, 
indicating that during this time the enzyme was saturated with acety! 
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CoA. Previous experiments (1) have shown that the affinity of oxalace- 
tate for the condensing enzyme is of a similar order of magnitude. 
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Fics. | 2. Spectrophotometriec measurement of the reaction L-malate~ 
+ acetyl CoA + DPN* + H.O = citrate + CoA + DPNH + 2H*. The samples 
contained initially 75 um of potassium phosphate buffer, 8 um of MgCl:, 0.31 um of 
DPN, 0.50 um of potassium L-malate, 0.19 um of acetyl CoA (purity 5.8 per cent), and 
16 y of malic dehydrogenase, with other additions as indicated below. Final volume 
made up with water to 3.0 cc. Temperature, 24°. Corex cells,d = 10cm. Read- 
ings made against a blank cell containing all components except enzymes and co- 
enzymes. Fig. 1, Curve A, 200 y of crystalline condensing enzyme added at zero time 
and 100 um of potassium citrate at Arrow 1; Curve B, 100 y of crystalline condensing 
enzyme added at zero time and 50 uM of potassium citrate at Arrow 2; Curve C, 50 y 
of erystalline condensing enzyme added at zero time and 50 um of potassium citrate 
at Arrow 3. In Fig. 2 the samples contained the same initial components as in Fig. 1 
plus 50 um of potassium citrate. Curve A, 200 y of crystalline condensing enzyme 
added at zero time, 10 um of potassium L-malate at Arrow 1, and 100 um of potassium 
citrate at Arrow 2. Curve B, 100 y of crystalline condensing enzyme added at zero 
time, 10 um of potassium L-malate at Arrow 3, and 100 um of potassium citrate at 
Arrow 4. Readings corrected for dilution after additions. Final pH (glass elec- 
trode) 7.0 to 7.1. 


Equilibrium Constants—Experiments illustrating the spectrophotometric 
determination of the equilibrium constant of Reaction 3 are shown in Figs. 
land 2. In Fig. 1 the reaction mixtures contained initially acetyl CoA, 
L-malate, DPN, and malic dehydrogenase; the reaction was started by 
the addition of erystalline condensing enzyme. Equilibrium was ap- 
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proached when over 90 per cent of the acetyl CoA had reacted. At this 
time the course of the reaction was reversed by the addition of citrate and 
a new equilibrium resulted. In Fig. 2, citrate was present initially in 
addition to the components mentioned for Fig. 1. The influence of citrate 
on the equilibrium position is readily apparent. The reaction was then 
shifted further in the direction of citrate synthesis by addition of more 
L-malate. After attainment of a new equilibrium, the course of the re- 
action was reversed by further addition of citrate. 
The equilibrium constant of Reaction 3 is given by the expression 


(citrate) (CoA) (DPNH) (H*)? 
(t-malate™) (acetyl CoA) (DPN*) (H20) 


Ky 


We have determined at different pH values the apparent equilibrium con- 
stant K;’, using for the calculation the total concentration of reactants 
(ionized and unionized) at equilibrium according to the equation 


(citrate) (CoA) (DPNH) 
(1-malate) (acetyl CoA) (DPN*) 


K;’ 


Within the pH range investigated K; ~ K;’ X (H*)?, or log K3 ~ log K;! 
— 2pH. 

At a given pH, A;’ was determined by measuring the ratio of DPN to 
DPNH at varying ratios of malate to citrate, with constant initial con- 
centrations of acetyl CoA, and constant concentrations of condensing 
enzyme and malic dehydrogenase. Since the initial concentration of all 
reactants was known, the equilibrium concentration could be calculated 
from the ratio of DPN to DPNH. The concentration of water was taken 
as 55.5 mM. Typical results at pH 7.2 and 22° are shown in Table III. 
The average value of K;’ was 0.195 (liters X mole). 

The effect of the hydrogen ion concentration on the apparent equl- 
librium constant of Reaction 3 is shown in Fig. 3 (Curve A) where log 
K;’ is plotted against pH. From the equation log K;’ ~ log AK; + 2pH 
one would expect that such a plot would give a straight line whose slope 
equals 2.0. Actually, the experimentally determined points fall on a line 
of slope 1.8 (Fig. 3, Curve A). 

In order to calculate the equilibrium constant of the reaction catalyzed 
by the condensing enzyme (Reaction 1), determinations of the apparent 
equilibrium constant K,’ of the reaction catalyzed by malic dehydrogenase 
(Reaction 2) were carried out at different pH values. In these experi- 
ments, the ratio of DPN to DPNH was measured upon the establishment 
of equilibrium, following the addition of L-malate or oxalacetate in the 
presence of malic dehydrogenase. Ky.’ was calculated according to the 
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equation 
(oxalacetate) (DPNH) 
(1-malate) (DPN*) 


= 


The results are illustrated in Fig. 3 (Curve B) which shows that a plot of 
log K,’ versus pH gives a straight line of slope 0.9, in good agreement with 
the equation log Ky’ ~ log K2 + pH. The average value of K,’ at pH 
7.2 and 22° was 2.33 X 10-°. Burton and Wilson,’ also using Straub’s 


TaB.e III 


Equilibrium Constant of Over-All Reaction t-Malate + Acetyl CoA + DPN 
+ H.O = Citrate + CoA + DPNH at pH 7.2 


The reaction mixture contained initially potassium phosphate buffer (0.025 m), 
MgCl, (0.003 m), DPN (0.160 X 10-* Mm), acetyl CoA, purity 29 per cent (0.085 K 10° 
m), potassium citrate (16.7 X 107% potassium L-malate (0.167 X 107-3 M), malic 
dehydrogenase (16 7). Reaction started by addition of 0.42 mg. of crystalline con- 
densing enzyme. Final volume, 3.0 cc. Temperature, 22°. pH (glass electrode) 
7.20. The reaction resulted in equilibrium a. Equilibria b, c, and d were attained 
after further additions of 5 um of L-malate, 5 um of L-malate, and 300 uo of citrate, 
respectively. Readings made against a blank cell containing all components except 
condensing enzyme and acetyl CoA and corrected for dilution after additions. 
Corex cells, d = 1.0 cm. Concentration of water taken as 55.5 M. 


| Equilibrium concentrations 107% mu) 
Equilibrium K’ 
ee | | | | | 
Citrate | CoA DPNH | L-Malate | Acatys CoA DPN 
a | 16.7 | 0.028 0.028 0.139 0.057 0.132 0.227 
b «(16.7 (0.057 0.057 1.80 0.028 0.103 0.190 
16.7 0.065 0.065 3.44 0.020 0.095 | 0.195 
d | 116.7 0.039 0.039 3.46 0.046 0.121 0.166 


purified enzyme, have obtained independently similar values for the equi- 
librium constant of the malic dehydrogenase reaction. Both their data 
and ours agree well with those reported earlier by von Euler et al. (5) using 
crude extracts of rat muscle and of Jensen sarcoma as a source of malic 
dehydrogenase. 

The apparent equilibrium constant of Reaction 1 (K;,’) is given by the 
expression 

(citrate) (CoA) 

(acetyl CoA) (oxalacetate) (H2O) 


* Personal communication from Dr. K. Burton and Dr. T. H. Wilson, University 
of Sheffield, England. 
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Therefore, K,! = K3'/K.’. At pH 7.2 and 22° Ky’ = 0.195/2.33 & 10-5 
= 838 X 10° (liters mole~'). 


> 


7 8 9 10 
pH 

Fic. 3. Apparent equilibrium constant K’ as a function of pH at 22°. Curve A, 
reaction L-malate + acetyl CoA + DPN + H,O = citrate + CoA + DPNH. Ordi- 
nate represents log (K;’ X 10°). At pH 6.25, 7.20, 7.60, 8.20, and 8.70, K;,’ 
was determined to be 8.65 X 107%, 1.95 K 10', 1.82, 10.8, and 101, respectively. Aver- 
age value of K; (= K;’ X [H*]?), exclusive of the value at pH 6.25, was 6.86 (+2.90) 
x 10°°%. The calculated value of A; at pH 6.25 differs significantly from those 
estimated at higher pH due to ionization changes which have not been considered 
in the calculations. Curve B, reaction L-malate + DPN = oxalacetate + DPNH. 
Ordinate represents log (K»’ X 10°). At pH 6.05, 6.55, 7.20, 7.75, 8.30, and 9.95, Ky’ 
was determined to be 1.34 & 107°, 5.55 107°, 2.33 1075, 6.94 1075, 2.08 & 1074, 
and 6.76 X 107%, respectively. Average value of K, (= K,.’ X [H*]) was 1.21 (+0.21) 
xX 107”. 


DISCUSSION 


The demonstration of a stoichiometric appearance of sulfhydryl during 
the enzymatic synthesis of citrate from acetyl CoA and oxalacetate and 
the pH dependence of the apparent equilibrium constant of this reaction 
make it possible to formulate the reaction as shown below. Although the 
reaction could be visualized as taking place in two steps, viz. formation 
of citryl CoA followed by its hydrolysis, there is no evidence at present 
for or against this possibility. 

The standard free energy change (AF°) of Reaction 1 can be calculated 
from the equation AF° = —RT In K°. If the convention (6) is followed 
which assumes the standard state of the solutes to be 1 mM but that of water 
to be pure water and equal to 55.5 m (ef. (7)), Ki° = Ky’ X 55.5 and AF? 
= —RT In (Ky X 55.5). At pH 7.2 and 22° the free energy change of 
Reaction 1 is, therefore, AF,\° = — 1360 log (8.38 & 108 & 55.5) = —7720 
calories. 
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0=C + CH;—CO—S—CoA + H:0 


COO- 
Oxalacetate Acetyl CoA 
COO- 
| 
HO—C—CH:—CO0O- + HS—CoA + H* 


CH: 


| 
COO- 


Citrate CoA 


Within the pH range investigated, the average increase in the free en- 
ergy change of Reaction 1 per unit increase in pH was 1000 calories. The 
discrepancy between this and the theoretical value of 1360 calories is un- 
doubtedly due to the changes in the degree of ionization of the reactants 
with changing pH, a factor not taken into account in the calculation of 
the apparent equilibrium constants. 

Kaplan (8) has calculated that the free energy change in the synthesis 
of citrate from oxalacetate and acetate is AF° = +4680 calories. With 
this value, the free energy of the acyl-mercaptide bond of acetyl CoA 
would be 7720 + 4680 = 12,400 calories. If one calculates the free energy 
change of Reaction 1, assuming the standard state of water to be 1 M, 
the above value for the free energy of the acetyl CoA bond would be de- 
creased by 2400 calories. Although these calculations must be taken with 
some reservation, a similar value for the free energy of the acetyl CoA 
bond has been obtained by an independent method. Stadtman (9) has 
measured the equilibrium of the reaction catalyzed by phosphotransacety]- 
ase (Reaction 4). At pH 8.0 and 28° he found that the equilibrium con- 


(4) Acetyl phosphate + CoA = acetyl CoA + phosphate 


stant was approximately 60 and AF° ~ 3000 calories. Assuming the free 
energy of the bond in acetyl phosphate to be 13,000 to 15,000°calories (10), 
that in acetyl CoA would be 10,000 to 12,000 calories. In view of the 
above there is little doubt that, as suggested by Lynen et al. (2), the acyl- 
mercaptide bond of acetyl CoA is an energy-rich bond. 


Methods 


The crystalline condensing enzyme (11) was twice recrystallized. The 
highly purified malic dehydrogenase was that used previously (1). 
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DPN obtained from the Sigma Chemical Company was 90 per cent pure 
as assayed by glucose dehydrogenase (12). u-Malic acid (Eastman 
Kodak) was twice recrystallized from a mixture of isobutyl methyl ketone 
and chloroform after decolorizing the solution with Norit A; the purity 
was 98 per cent by titration. We are indebted to Dr. 8S. Kaufman for 
this material. 

Two preparations of acetyl CoA isolated from yeast (2) were used. 
The acetyl equivalent of the first preparation was 3.1 y per mg. as deter- 
mined by the sulfanilamide acetylation assay with pigeon liver enzyme, 
corresponding to 5.8 per cent purity. This sample contained 0.044 um 
of DPN per mg. as determined with crystalline yeast alcohol dehydro- 
genase (13). It also contained significant amounts of CoA; however, 
since the crude preparation had been treated with iodine, all of the CoA 
was present in the oxidized form and therefore did not interfere with the 
determination of sulfhydryl nor affect the equilibrium measurements. 
The second preparation was 29 per cent pure (acetyl equivalent 15.4 
per mg.) as determined by the sulfanilamide acetylation assay and also 
by the colorimetric method (14). This sample was free of both pyridine 
nucleotides and CoA. This preparation was the only one used for the 
determination of equilibrium constants. The acetyl CoA content of these 
preparations as determined by enzymatic conversion to citric acid cor- 
responded to 80 to 94 per cent of the value determined by sulfanilamide 
acetylation. 

In the experiments on liberation of sulfhydryl, the reaction was stopped 
by addition of 0.10 cc. of 30 per cent metaphosphoric acid and the solution 
used for the determination of sulfhydryl according to the procedure of 
Grunert and Phillips (15) with L-cysteine as a standard. With this 
method, the acetyl CoA preparations were found to be practically free of 
sulfhydryl (<0.01 um of SH per mg.). Under the conditions of the deter- 
mination (pH 8.7) there was no significant hydrolysis of acetyl CoA. 
Citric acid was determined as previously described (11) in the solution 
obtained after the sulfhydryl determination, since the reagents used for 
the latter did not interfere with this procedure. 


SUMMARY 


1. The synthesis of citrate from acetyl coenzyme A and oxalacetate in 
the presence of crystalline condensing enzyme is accompanied by the 
appearance of a stoichiometric amount of sulfhydryl groups. This con- 
firms the acyl-mercaptide structure of acetyl coenzyme A. 

2. The condensing enzyme has high affinity for acetyl coenzyme A. 

3. The apparent equilibrium constant of the reaction catalyzed by the 
condensing enzyme has been determined spectrophotometrically at various 


pH values through coupling with the malic dehydrogenase system. The 
free energy change of the enzymatic synthesis of citrate has been calcu- 
lated. The results indicate that the acyl-mercaptide bond of acetyl co- 
enzyme A is energy-rich. 


We wish to thank Mr. Tibor G. Farkas for assistance in these experi- 
ments and Miss Luistraud Rueff for assistance in the isolation of acetyl 
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SUCCINYL AND ACETYL COENZYME A DEACYLASES 


By J. GERGELY,* P. HELE,f ann C. V. RAMAKRISHNANt 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 10, 1952) 


Recently Green and Beinert (1) have shown that the oxidation of 
a-ketoglutarate and pyruvate, catalyzed by microsomal preparations of 
pig heart, is dependent upon the presence of diphosphopyridine nucleotide 
(DPN), coenzyme A, and a soluble enzymic factor found in pig heart ex- 
tracts. The present communication deals with the further investigation 
of the nature of this factor, which has been found to be concerned with the 
liberation of free coenzyme A from acyl coenzyme A. Early in the investi- 
gation it was possible to demonstrate directly for the first time the partici- 
pation of DPN and coenzyme A in the oxidation of a-ketoglutarate by using 
a spectrophotometric method. Kaufman (2) arrived at the same con- 
clusion independently from a study of the DPN and coenzyme A-dependent 
dismutation of 2 molecules of a-ketoglutarate to succinate and glutamate 
catalyzed by a crude extract of pig heart. Sueccinyl coenzyme A has been 
postulated as an intermediate in this reaction (1, 2) as well as in the forma- 
tion of succinyl] sulfanilamide from a-ketoglutarate (3). 

While this investigation was in progress, Sanadi and Littlefield (4) 
demonstrated that a-ketoglutaric oxidase catalyzed the following reaction: 


a-Ketoglutarate + DPN* + coenzyme A — succinyl coenzyme A 
+ CO, + DPNH + H* (a) 


The enzyme considered in the present communication catalyzes, in effect, 
the reaction 
Succinyl coenzyme A + H.O — succinate + CoA (b) 


The sum of Reactions a and b is 
a-Ketoglutarate + DPN*t + H.O — succinate + DPNH + Ht + CO, 


a reaction which requires only catalytic amounts of coenzyme A. 


* Senior postdoctoral trainee of the National Heart Institute, National Institutes 
of Health. Present address, Cardiovascular Research Laboratory, Massachusetts 
General Hospital, and Department of Medicine, Harvard Medical School, Boston, | 
Massachusetts. 

+ Williams-Waterman Fellow in Enzyme Chemistry, 1950-51. Postdoctoral trainee 
of the National Heart Institute, National Institutes of Health, 1951-52. 

{ Williams-Waterman Fellow in Enzyme Chemistry, 1951-52. 
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Evidence has also been obtained for the existence of a second enzyme, 
which participates in the oxidation of pyruvate to acetate in a similar 
manner; namely, by catalyzing the deacylation of acetyl coenzyme A, 
These two enzymes have been named “succinyl coenzyme A deacylase” 
and “acetyl coenzyme A deacylase.”’ 


Materials and Methods 


Materials—a-Ketoglutaric acid was obtained from Organic Specialties, 
and recrystallized twice from acetone and benzene. DPN was obtained 
from the Schwarz Laboratories, Inc., (about 50 per cent pure) or from the 
Pabst Laboratories (about 80 per cent pure). Crystalline bovine plasma 
albumin was obtained from the Armour Laboratories. The reagents em- 
ployed were prepared according to the following methods: coenzyme A 
(5), acetyl phosphate (6), calcium triphosphate gel (7), a-ketoglutaric 
oxidase (8), pyruvic oxidase (9), lactic dehydrogenase (10). 

Phosphotransacetylase was used either in the form of an extract of 
dried Clostridium kluyveri cells freed from coenzyme A by treatment with 
Dowex 1 (CI-) or as a preparation purified by acid ammonium sulfate frac- 
tionation (11). 

Determinations—a-Ketoglutarate was estimated by the method of Friede- 
mann and Haugen (12), and acetyl phosphate and succinyl coenzyme A 
by the hydroxamic acid method of Lipmann and Tuttle (13). Protein 
was determined by the ratio of optical densities at 260 and 280 muy (14). 
In the case of material containing much nucleic acid or denatured protein, 
dry weights were determined. 

Enzyme Assay—Succiny! coenzyme A deacylase is assayed spectrophoto- 
metrically in a system based upon the reduction of DPN by a-ketoglutarate 
(see ‘‘Results”). The rate of DPN reduction is proportional to the dea- 
cylase concentration over a range of velocities represented by a change in 
optical density (log Jo/Z) of 0.01 to 0.06 per minute, at 340 my, as measured 
in the Beckman model DU spectrophotometer. It is customary to use the 
range 0.01 to 0.04 for the purposes of the assay system. Rates measured 
in this range remain steady for 10 to 15 minutes after the start of the re- 
action, although the change in optical density may be preceded by a lag 
period of 2 to 3 minutes. Rates of over 0.05 per minute usually slow down 
during the first 5 minutes of the reaction, and no lag period is observed. 

The unit of enzyme activity is defined as that amount of enzyme which 
will bring about a change in optical density of 0.01 per minute, under the 
experimental conditions to be described. Specific activity is defined as 
enzyme units per mg. of protein. 

The test system employed contains 20 um of a-ketoglutarate, 100 uM of 
glycine buffer of pH 9.0, 30 um of neutralized cysteine, 4 mg. of plasma 
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albumin, 0.6 um of DPN, 1.4 y of pantothenic acid as coenzyme A, a-keto- 
glutaric oxidase 24 units, and deacylase, in a total volume of 3.0 ml., final 
pH 8.2. These concentrations are completely saturating for the range of 
velocities studied. The mixture is incubated at 30° for 5 minutes before 
starting the reaction by the addition of DPN. 

No assay system has been constructed for the acetyl coenzyme A dea- 
cylase, and no purification of this enzyme has been attempted. 

Purification Procedure (Table [)—The particulate preparation from pig 
heart and its supernatant fluid, which contains the deacylating enzymes, 
is obtained by precipitating an extract of heart muscle at pH 5.4 (1, 8). 
All procedures are carried out at 4°. The supernatant of the precipitate 
obtained at pH 5.4 is brought to pH 7.6 with 6 n KOH. Ammonium sul- 
fate, 29 gm. per 100 ml., is added, followed by centrifugation at 2000 « g 
for 1 hour. The precipitate is dissolved in 0.02 M potassium phosphate 


TABLE I 
Steps in Purification of Succinyl Coenzyme A Deacylase 

Stage No. | Specific activity Total units 

1 | Supernatant, pH 5.4 2.1 242 ,000 100 

2 lst ammonium sulfate fraction 21.8 | 257 ,000 106 

2nd “ 51.0 81 

4 | Eluate from calcium triphosphate gel 153.0 ——- 186,000 77 


buffer, pH 7.6 (this buffer is used throughout the procedure, unless other- 
wise stated), and the solution is dialyzed for 6 hours against the buffer. 
After dialysis the preparation is centrifuged at 40,000 * g in the Spinco 
model I. preparative ultracentrifuge for 1 hour in order to remove con- 
siderable quantities of insoluble material. A second ammonium sulfate 
fractionation follows. To each 100 ml. of the first fraction 10.6 gm. of 
ammonium sulfate are added, followed by centrifugation at 18,000 x g 
for 20 minutes. The small, insoluble precipitate is discarded. Another 
11.3 gm. of ammonium sulfate per original 100 ml. are added, and the 
precipitate separated by the centrifugation as before. This precipitate is 
dissolved in buffer and dialyzed for 6 hours against buffer. After dialysis 
the material is centrifuged at 40,000 < g to remove insoluble material. 
The preparation is diluted to a protein content of 6 to 10 mg. per ml., 
and 0.75 volume of calcium triphosphate gel (15 mg. per ml., dry weight) 
is added. The mixture is set in the cold for 20 minutes with occasional 
stirring, then centrifuged at 18,000 < g for 15 minutes. To elute the 
enzyme, the gel is homogenized with 1 volume of 0.1 M potassium phos- 


326 COENZYME A DEACYLASES 


phate buffer, pH 7.6, and allowed to stand for 20 minutes. The eluate 
contains nearly all the succinyl coenzyme A deacylase activity. It can 
be either preserved by lyophilization and storage in vacuo at —10° or it 
may be kept frozen in the presence of crystalline plasma albumin, 20 mg. 
per ml. Either preparation retains its full activity for 3 to 4 weeks. The 
ease and rapidity with which highly purified preparations of deacylase can 
be obtained from the very stable first ammonium sulfate fraction offset 
the instability of the purified enzyme on storage. 

It is essential to dilute the material used for adsorption on the calcium 
triphosphate gel (Stage 4); otherwise a low specific activity is obtained. 
The same yield of enzyme units is found in the eluate, whatever the start- 
ing concentration of protein, but at concentrations over 10 mg. per ml. 
inert protein is carried over into the eluate. 

The removal of insoluble material by high speed centrifugation is an im- 
portant part of the procedure. Once adsorbed on to this material, the 
enzyme appears to become inactivated. Centrifugation at speeds much 
less than 40,000 X g will give an apparently clear solution, but precipita- 
tion occurs on standing. This effect is especially marked at high protein 
concentrations. The second ammonium sulfate fraction loses some ac- 
tivity even if stored frozen overnight after centrifugation and dilution, so 
that it is important to continue to the gel stage as soon as the centrifugation 
is completed. The first ammonium sulfate fraction is very stable and re- 
tains its activity for months if kept frozen. 

The lyophilized eluate was examined in the Tiselius apparatus and in 
the ultracentrifuge for evidence of homogeneity. An electrophoretic study, 
made in 0.05 m potassium phosphate buffer, pH 7.6, shows that about 70 
per cent of the total material migrates under one peak. ‘This peak contains 
all the succinyl coenzyme A deacylase activity. A smaller, more slowly 
moving peak accounts for the remainder of the material. The mobility of 
the major component is about 4 X 10~-> sq. em. per second per volt, that 
of the minor component, 0.6 * 10~5 sq. em. per second per volt. 

The examination in the ultracentrifuge was conducted in 0.01 m potas- 
sium phosphate buffer, pH 7.6, containing 0.15 Mm NaCl. This showed 
that approximately 55 per cent of the material migrates under one well 
defined peak. The remaining 45 per cent is distributed evenly on either 
side of the peak. The material in this peak has a sedimentation constant 
of approximately 4.5 Svedberg units at 9.3°, corresponding to a molecular 
weight of the order of 100,000. 

For special purposes the following procedure for preparing the deacylating 
enzymes was used. The neutralized supernatant of the precipitate ob- 
tained at pH 5.4 was warmed to 25°, and 250 gm. of anhydrous sodium 
sulfate were added per liter (Stage 1). The precipitate obtained from 
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this was treated with calcium triphosphate gel as previously described 
(Stage 2). ‘The recoveries in the method were poor, but the preparation 
was more suitable as a source of the acetyl coenzyme A deacylase since it 
was almost free from a phosphatase-like enzyme found in other deacylase 
preparations. 

Results 


Succinyl Coenzyme A Deacylase 


Spectrophotometric Reduction of DPN by a-Ketoglutarate—The ability of 
the a-ketoglutaric oxidase to reduce DPN with a-ketoglutarate is dependent 
upon the presence of coenzyme A in catalytic amounts, cysteine, and the 
succinyl] coenzyme A deacylase (Fig. 1). The rate of the reaction is de- 
pendent upon the concentration of (a) coenzyme A (Fig. 2), (b) a-keto- 
glutarate below 2 X 10-* M, (c) a-ketoglutaric oxidase below 5 units per ml., 
and (d) cysteine below 3 K 10-*m. Concentrations of cysteine much above 
10 m prove to be inhibitory. 

With the other constituents of the system at maximal levels, it has 
been found impossible to saturate the system with deacylase within very 
wide limits (up to 35 units). Fig. 3 shows that the velocity obtained for 
a given amount of deacylase is markedly affected by the coenzyme A con- 
centration. This observation was utilized by Von Korff! in the construc- 
tion of a rapid assay system for coenzyme A. It was the observation that 
cysteine would stabilize the labile cofactor, used in the initial stages of 
the investigation, that led to the suspicion that this cofactor might be 
coenzyme A. This was subsequently established by Von Korff.! The 
rate of DPN reduction is independent of DPN concentration during the 
first 2 minutes of the reaction over the concentration range 3 X 10-° to 
4X 10-*m. The amount of DPN reduced is equivalent to the amount of 
a-ketoglutarate disappearing. The reaction proceeds more rapidly in 
glycine buffer than in phosphate buffer, and is maximal at pH 8.2. 
Sodium pyrophosphate (2 uM) will inhibit a system containing 10 units of 
succinyl coenzyme A deacylase to the extent of 50 per cent. Adenosine- 
triphosphate (1 um) will inhibit a similar system by 72 per cent. 

Action of Succinyl Coenzyme A Deacylase upon Succinyl Coenzyme A— 
When succinyl coenzyme A, prepared by Dr. Sanadi, became available in 
this laboratory, it was possible to examine more directly the mode of action 
of succinyl coenzyme A deacylase. Succinyl coenzyme A was prepared by 
carrying out the oxidation of a-ketoglutarate by DPN in the presence of 
relatively high concentrations of coenzyme A and highly purified a-keto- 
glutaric oxidase. The acyl coenzyme was isolated from the reaction mix- 
ture by extraction with phenol, followed by adsorption on charcoal. Fur- 


1Unpublished data. 
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COMPLETE REDUCTION DPN 


1.0 


3 


5 10 | 
MINUTES 

Fic. 1. The reduction of DPN by a-ketoglutarate. The test system (see ‘‘Meth- 
ods’’) contained 8 succinyl coenzyme A deacylase units. The values are expressed 
as observed optical density at 340 mu. O, complete system; A, TPN instead of DPN; 
@, no coenzyme A; A, deacylase, heated at 70° for 5 minutes; DO, no cysteine; x, 
no oxidase; gg, no deacylase; ©, no a-ketoglutarate. 
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Fic. 2. The effect of coenzyme A concentration upon the rate of DPN reduction 
by a-ketoglutarate. The test system used was as for Fig. 1. Values expressed as 
rate of change in optical density per minute observed at 340 mu. 
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ther details of the preparation are given by Sanadi and Littlefield (4). 
The sample of succinyl coenzyme A used in these experiments satisfied the 
criteria of identity given by these authors. It reacted in the hydroxamic 
acid reaction of Lipmann and Tuttle (13), gave succinyl sulfanilamide in 
the presence of the acylating system of Kaplan and Lipmann (15), and 
gave rise to free coenzyme A on heating. Samples of this material, con- 
taining 0.5 um of succinyl coenzyme A, were incubated with the deacylase 
for 5 and 10 minutes at 30°, and the disappearance of succinyl coenzyme A 


0.3 


AD340 Mp / MINUTE 


100 200 
PROTEIN, pg/mL 


Fic. 3. The effect of succinyl coenzyme A deacylase concentration upon the rate 
of DPN reduction by a-ketoglutarate. For the test system used, see ‘‘Methods.”’ 
This deacylase preparation contained 380 units per ml. Values expressed as rate of 
change in optical density per minute at 340 mu. O, with 0.7 y of pantothenic acid; 
@, with 0.2 y of pantothenic acid. 


was measured by the Lipmann and Tuttle reaction. It was found that 
0.21 and 0.29 um of succinyl coenzyme A disappeared. The expected 
breakdowns, calculated from the known rates of DPN reduction by the 
deacylase under similar experimental conditions, were 0.19 and 0.27 um 
respectively. Samples of succinyl coenzyme A, incubated under identical 
conditions in the absence of deacylase, showed no breakdown. 


Acetyl Coenzyme A Deacylase 


Schweet e¢ al. (16) have shown that the dismutation of 2 molecules 
of pyruvate to COs, acetate, and lactate can be brought about by the soluble 
pyruvic oxidase (9) and lactic dehydrogenase, if supplemented with DPN, 
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crude deacylase, and crude nucleotide preparations. By analogy with the 
a-ketoglutaric system it would be expected that a reduction of DPN by 
pyruvate should be demonstrable spectrophotometrically. Owing to the 
contamination of most deacylase and pyruvic oxidase preparations with 
lactic dehydrogenase, this has not been possible. It has been possible, 
however, to construct a dismutation system by substituting phosphotrans. 
acetylase for deacylase, and to use this type of system to demonstrate the 


TABLE II 
Dismutation of Pyruvate in Pyruvic Oxidase Phosphotransacetylase System 


System Components CO: evolution | 
A* Complete 30.6 | 0.29 
| 12.4 | 1.02 
«“ No deacylase | 3.1 | 0.49 
“oxidase | 1.6 | 0.36 
B _ Complete | 7.4 | 7.20 
+ deacylaset | 12.4 1.50 
“ + + (no oxidase) | 3.8 0.39 
“ No oxidase | 2.8 0.33 
C Complete 15.7 0.69 


Three test systems, contained in Warburg cups, were used. System A contained 
pyruvic oxidase (4 mg.), lactic dehydrogenase (0.1 ml.), deacylase (1.0 ml.), 14 ; 
of pantothenic acid as coenzyme A, lithium pyruvate (40 uM), cysteine (30 um), 
DPN (0.6 um), MgCl. (20 um), cocarboxylase (200 7), KHCO; (100 um), potassium 
phosphate buffer, pH 7.6 (50 um). System B was as System A, but contained (. 
kluyverit extract (0.2 ml.) instead of deacylase. System C was as System B, but 
contained potassium arsenate (50 um), pH 7.4, instead of phosphate. The total 
volume for all systems was 3.5 ml. Final pH 7.5; gas 5 per cent CO, in No»; tem- 
perature 38°; incubation time 30 minutes. Values given as micromoles of CQ, 
evolved or micromoles of acetyl phosphate formed in 30 minutes. 

* Na.SO,, Stage 1, containing 150 succinyl coenzyme A deacylase units. 
t Na.SO,, Stage 2, containing 200 succinyl coenzyme A deacylase units. 


reduction of DPN by pyruvate spectrophotometrically. Recent reports 
indicate that acetyl coenzyme A is formed during the oxidation of pyruvate 
by the pyruvic oxidase of pigeon breast muscle (16) or of FE. coli (17). It 
is assumed that phosphotransacetylase brings about the deacylation of this 
compound by catalyzing the formation of either acetyl phosphate or acetyl 
arsenate. It has also been found possible to substitute deacylase for ar- 
senate in the decomposition of acetyl phosphate by phosphotransacetylase. 

Pyruvic Oxidase-Phosphotransacetylase Systems—The manometric dis- 
mutation system (Table IT) resembles in principle that described by Korkes 
et al. (17) for bacterial preparations. In the presence of phosphate, acety! 
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phosphate is formed, which estimates as acethydroxamic acid in the Lip- 
mann and Tuttle reaction (13). This formation is associated with a slow 
evolution of CO2, which can be doubled if arsenate is substituted for phos- 
phate, in which case no reaction in the hydroxamic acid test can be de- 
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Fig. 4. The reduction of DPN by pyruvic oxidase and phosphotransacetylase. 
The test system contained pyruvic oxidase (1 mg.), purified phosphotransacetylase 
(0.05 ml.), lithium pyruvate (20 um), DPN (0.6 um), 2 y of pantothenic acid as co- 
enzyme A, cysteine (30 um), glycine buffer (100 um), pH 9, potassium phosphate buffer 
(50 um), pH 7.6, potassium arsenate (50 uM), pH 7.4, cocarboxylase (200 7), MgCl. 
(10 um), final volume 3 ml. Values expressed as observed optical density at 340 
ms. ©, complete system; @, no pyruvic oxidase; X, no phosphotransacetylase. 


tected. Deacylase, added to a system containing phosphotransacetylase 
and phosphate, inhibits the formation of acetyl phosphate. 

The reduction of DPN could not be demonstrated spectrophotometrically 
in a system containing pyruvic oxidase, phosphotransacetylase, and phos- 
phate, but upon addition of arsenate DPN reduction became immediately 
apparent (Fig. 4). It is thought that in the presence of phosphate the rate 
of deacylation is too slow to allow the pyruvic oxidase to compete success- 
fully for DPN with any lactic dehydrogenase which may be present. Ar- 
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TaBLeE III 
Acetyl Phosphate Breakdown Catalyzed by Phosphotransacetylase and re 
Deacylase 

Components Acetyl phosphate disappearance ‘ 
Deacylase heated at 70° for 5 min..................... 0.2 pe 


The test system contained C. kluyveri extract (0.02 ml.) (this hydrolyzes 10 us 
of acetyl phosphate in 5 minutes in the presence of arsenate), acetyl phosphate (10 
uM), cysteine (10 um), 7.2 y of pantothenic acid as coenzyme A, deacylase (Na.SQ,, 
Stage 2, containing 200 succinyl coenzyme A deacylase units) (1.0 ml.); final pH 74. 
Total volume 1.5 ml.; temperature 25°. Samples were withdrawn at 10 minute 
intervals and examined for acetyl phosphate by the method of Lipmann and Tuttle 
(13). Values expressed as micromoles of acetyl phosphate disappearing from 10 
uM in 30 minutes. 
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Fic. 5. The coenzyme A requirement of the phosphotransacetylase-deacylase 


system. The test system was as for Table III. The values are expressed as for 
Table III. 


J. GERGELY, P. HELE, AND C. V. RAMAKRISHNAN 3303 


senate increases the deacylation rate sufficiently so that the rate of DPN 
reduction outstrips the rate of DPNH oxidation. 

Phosphotransacetylase-Deacylase System—Neither phosphotransacetylase 
nor deacylase alone can bring about any significant hydrolysis of acetyl 
phosphate (Table III), but, when acting together, the two enzymes produce 
a rather slow but quite significant breakdown of acetyl phosphate. The 
reaction is coenzyme A-dependent (Fig. 5). The action of deacylase ap- 
pears to resemble that of arsenate in the breakdown of acetyl phosphate by 
phosphotransacetylase. 

Some deacylase preparations contain a phosphatase-like enzyme which 
decomposes acetyl phosphate in the absence of coenzyme A. This non- 
specific breakdown takes place most rapidly in the acid range. 


TaBLe IV 
Succinyl Coenzyme A Deacylase and Acetyl Coenzyme A Deacylase 


sage | Acetyl phosphate disappearing 
No., in purification — Succinyl coenzyme 

l zyme Protein added 
deacylase A deacylase units | With C. kluyneri Without 

extract C. kluyveri extract 

2 12.3 300 8.8 1.3 

3 7.3 250 7.2 0.5 

4 4.5 350 0.6 0.6 

4 (residue) | 2.8 5 4.0 0.3 


The test system was similar to that described in Table III, with the final pH 
adjusted to 8.5 with alkali. The values are expressed as micromoles of acetyl phos- 
phate disappearing in 40 minutes. 


As the purification of the succinyl coenzyme A deacylase proceeds, there 
isa loss in the ability of the preparation to catalyze the breakdown of acety] 
phosphate in the presence of phosphotransacetylase (cf. Table IV). 


DISCUSSION 


The oxidation of a-ketoglutarate to succinate, associated with the re- 
duction of DPN, is dependent upon the presence of free coenzyme A. If 
catalytic amounts of coenzyme A are used, no visible reduction of DPN 
can occur unless the deacylating enzyme is also present. This enzyme 
rapidly liberates free coenzyme A from its acylated form, and the oxidation 
can proceed. It is presumed that a similar mechanism, involving the de- 
acylation of acetyl coenzyme A, is equally important in the analogous 
oxidation of pyruvate to acetate. 
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SUMMARY 


The presence of two enzymes, ‘‘succinyl coenzyme A deacylase” and 
“acetyl coenzyme A deacylase,”’ has been demonstrated in extracts of pig 
heart. The succinyl coenzyme A deacylase has been obtained in highly 
purified form. 

The oxidation of a-ketoglutarate and pyruvate by DPN, catalyzed by 
the respective oxidases, requires the presence of free coenzyme A. When 
coenzyme A is used in catalytic amounts, DPN reduction is not apparent 
unless a deacylating enzyme is also present. It has been possible to study 
by direct methods the part played by the succinyl coenzyme A deacylase 
in the oxidation of a-ketoglutarate. The mode of action of the acety| 
coenzyme A deacylase in pyruvate oxidation has been inferred from certain 
reactions in which phosphotransacetylase plays a part. 
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OPTICAL ENANTIOMORPHS OF a,8-DIAMINOPROPIONIC 
ACID 


By SANFORD M. BIRNBAUM, ROBERT J. KOEGEL, SHOU-CHENG J. FU,* 
AND JESSE P. GREENSTEIN 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, April 24, 1952) 


The N-chloroacetyl and N-acetyl derivatives of some thirty racemic 
amino acids have been employed as starting materials for the subsequent 
enzymatic separation of the compounds into their optical enantiomorphs 
(1-3). The procedure was always conducted in the absence of added 
buffer salts, the pH being set at 7 to 8 by addition of alkali to the aqueous 
solutions of the substrates. At the conclusion of the asymmetric enzy- 
matic hydrolysis, the pH of the mixtures usually decreased by no more 
than 0.2 pH unit. 

When, however, a resolution of a,8-dichloroacetyl-pL-diaminopropionic 
acid (1) was recently undertaken with hog kidney acylase I, it was noted 
that a rapid decrease in pH of the mixture accompanied the enzymatic 
digestion. Formation of acid proceeded to such an extent that the enzyme 
shortly became inactivated (about pH 5). Analysis of the mixture re- 
vealed the presence of hydrochloric acid. Solutions of the compound 
at pH 7.5 in the absence of enzyme showed no change in pH and con- 
tained no trace of inorganic chloride. The progressive liberation of hydro- 
chloric acid was evidently due to the presence of the enzyme. When the 
digest with acylase I was maintained at pH 7.5 for a brief period by the 
constant addition of alkali, 6-chloroacetyl-L-diaminopropionic acid could 
be subsequently isolated in pure form and low yield. This compound in 
aqueous solution maintained at pH 7.5 rapidly liberated hydrochloric acid 
at the same rate as did a,8-dichloroacetyl-pL-diaminopropionic acid under 
the same conditions in the presence of the enzyme. The liberation of acid 
in the digest thus follows as a spontaneous, secondary reaction to the 
hydrolysis. 

In view of these observations, a,8-diacetyl-pL-diaminopropionic acid 
was employed as starting material for the resolution with acylase I. The 
products of the enzymatic reaction were B-acety]-L-diaminopropionic acid, 
acetic acid, and a,#-diacetyl-p-diaminopropionic acid, analogous to the 

* Visiting Scientist. 

' N-Carbobenzoxy-pL-glutamic acid has been employed as starting material for 
the preparation of L- and p-glutamic acid (4). 
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products formed by the action of acylase I on a,e-dichloroacety]l-pt-lysine 
(5) and on a,é-dichloroacetyl-pt-ornithine (6). The pure optical enantio- 
morphs of diaminopropionic acid were isolated in good yield with only a 
slight modification of the usual procedure. The only other recorded sepa- 
ration of these enantiomorphs is that of Fischer and Jacobs (7), who em- 
ployed a diastereoisomeric mixture of quinidine with a, $-dibenzoyl-p:- 
diaminopropionic acid. The procedure of Fischer and Jacobs, however, 
does not reveal which is the L and which the p isomer. The present 
enzymatic resolution procedure, together with the corroboratory use of 
optically specific amino acid oxidases and decarboxylases, indicates in the 
case of natural or unnatural amino acids their L or D designation ((2, 8, 9); 
cf. (10)). Our present results show that the isomer called d-diaminopro- 
pionic acid by Fischer and Jacobs may properly be given the L designation, 
the p designation being given to the / enantiomorph. 

The curious instability of dichloroacetyldiaminopropionic acid, when 
incubated at pH 7 to 8 with hog kidney acylase, impelled us to examine 
our other N-chloroacetylated amino acid preparations, twenty-eight in 
all, under the same conditions. With two exceptions, none of them re- 
vealed the formation of any appreciable amount of chloride ion. ‘The ex- 
ceptions were chloroacetylproline and chloroacetyl-N-methylalanine which, 
although stable at acid pH, progressively lost chlorine as hydrochloric 
acid in aqueous solutions maintained at pH 7 to 8. These two compounds 
are unique among the series studied in that they each possess a tertiary 
peptide nitrogen atom. Neither of these compounds has been employed 
in the resolution of the corresponding amino acids, for they are practically 
inert to hog kidney acylase.’ 


EXPERIMENTAL 


L-Diaminopropionic Acid—15 gm. of 
acid (12) were dissolved in 700 ml. of water and the solution was brought 
to pH 7.5 with 2 n lithium hydroxide. Water was added to bring the 
volume to 800 ml. (0.1 mM concentration of the compound), and the solution 
was treated with 1 gm. of hog kidney acylase I powder (1).2 After 6 hours 
of incubation at 38°, manometric ninhydrin measurements revealed that 
exactly 50 per cent hydrolysis of the compound had occurred. The di- 


2 The optical enantiomorphs of proline have been obtained by the asymmetric 
action of a hog kidney amidase preparation on DL-proline amide (11). 

3 The rate of hydrolysis of the L isomer of a,8-diacetyl-pL-diaminopropionic acid 
by crude hog kidney aqueous homogenate at 38° and at pH 7.0 in 0.1 m phosphate 
buffer is 19 wm per hour per mg. of N. Under the same conditions, the rate with 
acylase I is 708 (cf. (1) for experimental conditions). In view of the instability of 
a,8-dichloroacetyl-pL-diaminopropionic acid, the rate values with acylase I de- 
scribed earlier (1) must be modified. 
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gestion was allowed to proceed for 12 hours more, but no further hydrolysis 
took place. The mixture was brought to pH 5 with acetic acid, treated 
with Norit, filtered, and the nearly clear filtrate evaporated in vacuo to 
about 50 ml. The solution was filtered to remove traces of protein and 
treated with 4 volumes of absolute alcohol. A gelatinous precipitate ap- 
peared which was filtered with suction, washed with alcohol, and dried 
inair. The mother liquor and washings which contained the a, 8-diacetyl- 
p-diaminopropionic acid were combined and set aside. 

The dried, precipitated B-acetyl-L-diaminopropionic acid was taken up 
in boiling water, and the hot solution filtered clear with the aid of Norit. 
Addition of hot alcohol to the filtrate led to the crystallization of the com- 
pound in tufts of long needles. It was filtered with suction, and dried. 
The yield was 75 per cent of the theoretical. Calculated, C 41.1, H 6.9, 
N 19.2; found, C 40.9, H 7.0, N 18.9. [a], for a 2 per cent solution in 
5 n HCl at 25° = —42.5°4 

4 gm. of 8-acetyl-L-diaminopropionic acid were refluxed 2 hours with 
50 ml. of 2.5 n hydrochloric acid. The solution was evaporated in vacuo 
to a syrup, the residue dissolved in a little water, filtered, and the filtrate 
treated with absolute alcohol to 80 per cent. A crystalline precipitate 
of a,6-L-diaminopropionic acid monohydrochloride appeared almost im- 
mediately. It was filtered with suction and recrystallized from the min- 
imum amount of hot water. The resulting crystals were filtered and 
washed successively with ice water, alcohol, and ether. The yield was 3 
gm. or 70 per cent or the theoretical. Calculated, N 19.9, Cl 25.2; found, 
N 19.7, Cl 25.1. [a], for a 2 per cent solution in 1 nN HCl at 25° = +25.2°. 
Fischer and Jacobs reported [a], = +25.09° (+0.1°) at 20° for the enantio- 
morph which they called d-diaminopropionic acid monohydrochloride (7). 

D-Diaminopropionic Acid—The combined alcoholic mother liquor and 
washings from the resolution mixture should contain all of the a, B-diacetyl- 
D-diaminopropionic acid plus some unprecipitated 6-acetyl-L-diaminopro- 
pionic acid. The solution was evaporated in vacuo to dryness, and the 
oily residue taken up in 100 ml. of water. Manometric ninhydrin measure- 
ments revealed the presence of 1.3 gm. of an a-amino acid, calculated as 
8-acetyl-L-diaminopropionic acid. 

The customary procedure at this point has generally been to acidify 
with hydrochloric acid to pH 1.7, and to extract the acidified solution ex- 
haustively with ethyl acetate, thereby bringing the acylated p-amino acid 
into the non-aqueous solvent while the hydrochloride of the unprecipitated 


‘ It is interesting to note that the sign of optical rotation is positive for the analo- 
gous compounds, e-chloroacetyl-u-lysine (1, 5) and 6-chloroacetyl-L-ornithine (6). 
Furthermore, the isolation in good yield of the 8-acetyl-L-diaminopropionic acid is 
additional evidence that acylase I action is restricted to a-substituted acyl radicals 


(cf. (5)). 
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L-amino acid remains in the aqueous layer (1-3). We noted, however, 
that the a,8-diacetyl-p-diaminopropionic acid did not pass into the ethyl 
acetate layer under these conditions. It was necessary to remove or 
destroy the t derivative before the p component could be recovered. For 
this purpose, we employed a device which worked satisfactorily in the 
resolution of arginine and histidine (3), namely to oxidize the 8-acetyl- 
L-diaminopropionic acid with snake venom L amino acid oxidase. This 
compound is readily oxidized by Crotalus adamanteus and by Bothrops 
jararaca venoms at a rate of about 1 um of oxygen consumed per hour 
per mg. of N.° The solution was therefore brought to pH 8.0 by addition 
of 2 n lithium hydroxide, and to it was added a concentrated aqueous solu- 
tion of 2.5 gm. of C. adamanteus venom. The pH dropped thereby to 7.4. 
No catalase was employed. The mixture was placed in a bath at 38° and 
treated with a stream of moist air for 24 hours. At the end of this period, 
the mixture was diluted with water to 400 ml., treated with acetic acid to 
pH 5.0, and the protein was coagulated at 95°. After filtration with the 
aid of Norit, the clear filtrate was evaporated in vacuo to 100 ml. Con- 
centrated hydrochloric acid was added to 2 Nn, and the solution refluxed for 
2hours. The reddish purple solution was briefly boiled with Norit, filtered, 
and the water-clear filtrate evaporated in vacuo to a syrup. This residue 
was taken up in the minimum amount of water, filtered, and treated with 
alcohol to 80 per cent. The resulting crystals of D-diaminopropionic acid 
monohydrochloride weighed 5 gm. The compound was recrystallized from 
the minimum amount of hot water. The yield of pure material was 4 gm., 
or 72 per cent of the theoretical. Calculated N 19.9, Cl 25.2; found 
N 19.5, Cl 25.1. [a], for a 2 per cent solution in 1 nN HCl at 25° = —235.2°. 
Fischer and Jacobs reported [a], = —24.98° (+0.1°) at 20° for the enantio- 
morph, which they called /-diaminopropionic acid monohydrochloride (7). 

At pH 8.2 in the presence of 0.1 M pyrophosphate buffer, p-diamino- 
propionic acid is nearly completely oxidized by hog kidney pb-amino acid 
oxidase preparations. The rate of oxidation is about half that observed 
for p-alanine. 

Optical Purity of u-Diaminopropionic Acid—The routine method em- 
ployed in this laboratory, to determine the degree of contamination of an 
optical isomer by its enantiomorph to better than 1 part in 1000, has been 
described (1-3, 13). The appreciable rate of oxidation of p-diaminopro- 
pionic acid by p-amino acid oxidase stands in contrast with the behavior 
of the higher homologues, namely p-lysine and bD-ornithine, which are very 
little affected by this enzyme. It was possible therefore to test our L- 


5 Crotalus adamanteus venom was obtained from Ross Allen’s Reptile Institute, 
Silver Springs, Florida. Bothrops jararaca venom was obtained through the courtesy 
of Dr. G. Rosenfeld, of the Instituto Butantan, San Paulo, Brazil. 
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diaminopropionic acid for the presence of the p enantiomorph. 1000 um 
of the L isomer were completely inert to D-amino acid oxidase. 1 uM of 
the p isomer added to 1000 um of the L isomer was nearly quantitatively 
oxidized by the enzyme. It was therefore possible to conclude that the L- 
diaminopropionic acid contained less than 0.1 per cent of D-aminopropionic 
acid, and hence had an optical purity greater than 99.9 per cent. 

In contrast with B-acetyl-L-diaminopropionic acid, the free L-diamino- 
propionic acid was weakly oxidized by C. adamanteus and B. jararaca 
venom L-amino acid oxidase, and therefore the optical purity of the p- 
diaminopropionic acid isomer could not be tested by the present procedure. ® 

Stability of N-Chloroacetyl Amino Acids—Aqueous solutions of the N- 
chloroacetyl derivatives of twenty-nine amino acids were each brought to 
pH 7.5 with lithium hydroxide, and each solution was divided in halves, 
one-half being treated with acylase I. All of the solutions were then 
placed in a bath at 38°. The N-chloroacetyl derivatives of the following 
amino acids were so employed: alanine, a-aminobutyric acid, valine, iso- 
valine, norvaline, leucine, isoleucine, alloisoleucine, norleucine, methionine, 
serine, threonine, allothreonine, glutamic acid, aspartic acid, lysine (a, e- 
dichloroacetyl derivative), ornithine (a,6-dichloroacetyl derivative), a,- 
8-diaminopropionic acid (dichloroacetyl derivative), phenylalanine, tyro- 
sine, tryptophan, glycine, aminophenylacetic acid, aminocyclohexylacetic 
acid, aminocyclohexylpropionic acid, a-aminoheptylic acid, a-aminocaprylic 
acid, proline, and N-methylalanine (1-3, 9, 11, 15). After 24 hours of 
digestion, which was more than enough to hydrolyze the susceptible com- 
pounds at the peptide bond, the acylase digests were deproteinized and 
inorganic chloride was quantitatively determined in each solution. Ap- 
preciable amounts of chloride were noted only in the following: a,#-di- 
chloroacetyldiaminopropionic acid solutions in the presence of acylase I, 
and chloroacetylproline and chloroacetyl-N-methylalanine solutions in the 
presence or absence of acylase I. 

Aqueous solutions of a,8-dichloroacetyldiaminopropionic acid at pH 7.5 
treated with boiled acylase I yielded no trace of chloride. In the presence 
of the active enzyme, the hydrochloric acid liberated from the compound 
progressively lowered the pH of the mixture, and unless alkali was con- 
tinuously added the enzymatic reaction stopped at pH 5. When the pH 
was maintained at 7.5, manometric ninhydrin measurements showed the 
compound to be maximally hydrolyzed to 50 per cent. The chloride evo- 
lution lagged behind the peptide bond hydrolysis. The latter reaction was 
complete in 6 hours of incubation, but, as is shown in Fig. 1, evolution 
of chloride was still continuing beyond this point. The ordinate in this 


* L-Lysine is also relatively resistant to L-amino acid oxidase, but the e-substi- 
tuted derivatives are readily oxidized (14). 
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figure for dichloroacetyldiaminopropionic acid is based on | chlorine atom 
available of the 4 in the racemate.’ 

The evolution of chloride from chloroacetylproline and chloroacetyl-N- 
methylalanine is evidently not produced by an enzymatic reaction, but 
occurs spontaneously in aqueous solutions maintained at pH 7.5 or higher! 
The instability of these halogenated compounds at pH 7.5 is illustrated in 
Fig. 1. In aqueous solutions at pH 2 to 3 these compounds are com- 
pletely stable over many hours. . 

Digestion of a,B-Dichloroacetyl-pL-diaminopropionic Acid—A 0.1 M solu- 
tion of a,8-dichloroacetyl-pL-diaminopropionic acid (1) (m.p. 143° cor- 


PER CENT AVAILABLE CHLORINE 
$6338 38 
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INCUBATION TIME IN HOURS 

Fic. 1. Chloride ion evolution from N-chloroacetylated amino acids at pH 7.5. 
©, acid plus acylase I; A, a,§-dichloro- 
acetyl-pL-diaminopropionic acid in water alone or in the presence of boiled acylase 
I; X, chloroacetyl-L-proline in water; and @, chloroacetyl-N-methyl-pt-alanine in 
water. All solutions initially brought to pH 7.5 and maintained thereat by addition 
of lithium hydroxide. Temperature 38°. Ordinate for dichloroacetyldiaminopro- 
pionic acid based on 1 chlorine atom available of the 4 in the racemate. Only 1 
chlorine atom available in the other two compounds. 


rected) was brought to pH 7.5 with 2 n lithium hydroxide and treated with 
600 mg. of acylase I. After 1 hour at 38°, manometric ninhydrin meas- 
urements revealed close to complete hydrolysis of the L form. About 90 
mg. of chloride were present. The digest was brought to pH 4.6, and from 


7 The classic preparation of proline by cyclizing a, 5-dihalogenated-n-valeric acid 
in strong ammonia (cf. (16)) is suggestive of what may occur here. The asymmetric 
enzymatic hydrolysis of a,8-dichloroacetyl-pL-diaminopropionic acid would be ex- 
pected to yield 8-chloroacetyl-L-diaminopropionic acid, which conceivably could 
undergo spontaneous ring closure to yield a six-membered ring with evolution of 
hydrochloric acid. 

® In view of this instability, the low yields reported in the synthesis of chloro- 
acetylproline (11) and of chloroacetyl-N-methylalanine (15) became understandable. 
Condensation of chloroacetylchloride with these amino acids should therefore be 
conducted at slightly alkaline reaction and at very low temperature. 
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the deproteinized and concentrated filtrate 6-chloroacetyl-L-diaminopro- 
pionic acid was isolated by addition of alcohol. After recrystallization 
from water-alcohol with the aid of Norit the compound was obtained in 20 
per cent yield. Found C 33.4, H 5.2, N 15.6, Cl 18.9; calculated C 33.3, 
H5.0, N 15.6, Cl 19.7. [a], for a 2 per cent solution in 5 Nn HCl at 25° = 
-—19.0°. In aqueous solutions maintained at pH 7.5 by constant addi- 
tion of alkali, the compound liberated hydrochloric acid at the same rate 
as did the digest of a,8-dichloroacetyl-pL-diaminopropionic acid with 
acylase I. 

When the digest with acylase I of a,6-diehloroacetyl-pL-diaminopro- 
pionic acid was held at 38° for several days, most of the available chlorine 
appeared as chloride (cf. Fig. 1). From this digest, a, 8-dichloroacetyl-p- 
diaminopropionic acid was isolated in the usual manner (1) in 66 per cent 
yield, m.p. 135° (corrected). N calculated 10.9, found 10.8. [a], for a 
2 per cent solution in absolute ethanol at 25° = —5.0°. Hydrolysis in 
2 n HCl yielded p-diaminopropionic acid monohydrochloride; found N 
19.6, Cl 25.2; [a], for a 2 per cent solution in 2 N HCl = —25.0°. 


SUMMARY 


Asymmetric enzymatic hydrolysis by hog kidney acylase I of a,@-di- 
acetyl-pL-diaminopropionic acid at pH 7.5 led to the formation of £- 
acetyl-L-diaminopropionic acid and a,f-diacetyl-p-diaminopropionic acid. 
Acid hydrolysis of the former product yielded L-diaminopropionic acid - HCl 
in 70 per cent yield ([a], = +25.2°). 

a,8-Diacetyl-p-diaminopropionic acid was freed of adherent 8-acetyl- 
L-diaminopropionic acid by treatment with Crotalus adamanteus venom 
in a stream of air. After removal of the venom, acid hydrolysis of the 
purified a acid yielded p-diaminopropionic 
acid: HCl in 67 per cent yield (fa], = —25.2°). 

D-Diaminopropionic acid was readily oxidized by hog kidney pb-amino 
acid oxidase preparations. By the use of such preparations, it was pos- 
sible to conclude that the preparation of a,8-L-diaminopropionic acid con- 
tained less than 0.1 per cent of the p enantiomorph. 

Solutions of a, 8-dichloroacetyl-pL-diaminopropionic acid at pH 7.5 and 
in the presence of acylase I progressively became more acid and re- 
vealed the presence of appreciable amounts of hydrochloric acid. In water 
alone or in the presence of boiled enzyme at pH 7.5, no trace of chloride 
appeared. ‘Twenty-nine different N-chloroacetylated amino acids were 
studied under these conditions, and only solutions of chloroacetylproline 
and of chloroacetyl-N-methylalanine revealed the presence of hydrochloric 
acid in appreciable amounts. The evolution of chloride from these two 
compounds occurred spontaneously and progressively in aqueous solutions 
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maintained at pH 7.5. They differ from all of the other compounds 
studied in possessing a tertiary nitrogen in the peptide bond. 


Digests of a,6-dichloroacetyl-pL-diaminopropionic acid with acylase | 


maintained briefly at pH 7.5 yielded pure 6-chloroacety]-L-diaminopro- 
pionic acid. This compound in aqueous solutions maintained at pH 7.5 
liberated hydrochloric acid at the same rate as did the parent racemic com- 
pound in the presence of the enzyme. 


After maximal enzymatic hydrolysis, a 


pionic acid was isolated in 66 per cent yield. 
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p-SSERINE DEHYDRASE OF NEUROSPORA* 


By CHARLES YANOFSKY 
(From the Osborn Botanical Laboratory, Yale University, New Haven, Connecticut) 


(Received for publication, April 4, 1952) 


In a previous publication from this laboratory (1), it was mentioned 
that cell-free extracts of Neurospora mycelium form considerable amounts 
of pyruvate and ammonia from pti-serine. It was also reported that 
pyridoxal phosphate stimulates the activity of this system. Results sim- 
ilar to these have recently been obtained by Reissig (2). On further ex- 
amination of the Neurospora system, it has been found that both isomers 
of serine are deaminated and that in each case pyridoxal phosphate stimu- 
lates keto acid production. Since p-serine dehydrase (deaminase) has not 
been previously studied in a cell-free system, and in view of the apparent 
participation of pyridoxal phosphate in the reaction, the characteristics 
of the Neurospora dehydrase were investigated. 

There have been several reports of the deamination of D-serine by or- 
ganisms other than Neurospora. ‘The p-amino acid oxidase of mammalian 
tissues oxidatively deaminates p-serine (3); however, Neurospora p-amino 
acid oxidase does not (4). D-Serine is also rapidly deaminated by rat 
kidney slices, although in this case the reaction does not appear to be 
catalyzed by p-amino acid oxidase (5). The product of the deamination 
of p-serine by rat kidney slices has been identified as 6-hydroxypyruvic 
acid (5). There have been several reports of the deamination of D-serine 
by strains of Escherichia coli ((6, 7); however, compare Maas and Davis 
(8)) and, here, pyruvate has been implicated as the probable product of 
the deamination (7). 


Methods 


A wild type strain (Em-5297a) of Neurospora crassa was employed in 
these studies. ‘To obtain mycelium for enzyme extraction this strain was 
grown in 5 liter bottles containing 3 liters of Neurospora minimal medium 
(9). The bottles were incubated in a constant temperature room main- 
tained at 30° and were continuously aerated. After 72 hours the mycelium 
formed was filtered through cheese-cloth and washed twice in distilled 
water. The washed mycelium was then either frozen and stored in this 
condition or lyophilized and kept in a vacuum desiccator; mycelium stored 
in either manner does not lose dehydrase activity. To prepare cell-free 


* This investigation was supported by the Atomic Energy Commission (contract 
No. AT(30-1)-1017). 
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extracts, mycelium was homogenized in cold 0.05 m phosphate buffer at 
pH 7.8 with a Ten Broeck glass homogenizer. The homogenates were 
centrifuged in a Servall centrifuge at 12,000 r.p.m. for 30 minutes and the 
turbid supernatant solutions used as crude enzyme extracts. These prep- 
arations were routinely stored at —15° without any loss of p-serine dehy- 
drase activity. 

Dehydrase activity was determined by the direct method for pyruvate 
developed by Friedemann and Haugen (10). Enzyme assays were per- 
formed in a 1 ml. volume containing 5 X 10 o p-serine,! 20 y of barium 
pyridoxal phosphate,” 0.5 ml. of 0.2 M borate buffer at pH 8.2, and enzyme 
extract. Assay tubes were generally incubated at 37° for 20 minutes. The 
reaction was stopped by the addition of 1 ml. of 10 per cent trichloroacetic 
acid to each tube and the precipitate removed by centrifugation. A 1 ml. 
portion of the supernatant solution was taken for pyruvic acid determina- 
tion. A pyridoxal phosphate control and an enzyme control were run 
with each assay. When ammonia production was measured, a modifica- 
tion of the Conway microdiffusion technique (11) was employed. The 
protein content of the various fractions obtained during enzyme purifica- 
tion was determined by the method of Lowry et al. (12). 

A unit of p-serine dehydrase activity is arbitrarily defined as the amount 
of enzyme required to form 0.1 um of pyruvate in 20 minutes at 37° in the 
presence of the supplements mentioned previously. 


Results 


Preliminary experiments were performed with crude enzyme preparations 
to determine the effect of the period of incubation on the rate of pyruvate 
formation from p-serine. It was found that there is a linear production 
of pyruvate with time. Occasionally the rate of pyruvate production has 
been observed to decrease after 30 minutes incubation and for this reason 
a standard incubation time of 20 minutes was adopted. Pyruvate forma- 
tion is proportional to enzyme concentration. 

Purification of p-Serine Dehydrase—Before determining the characteris- 
tics of p-serine dehydrase of Neurospora, it seemed desirable to purify 
the enzyme partially and thus eliminate interfering factors which might 
be present in crude extracts. All operations were carried out in a cold 
room maintained at 3°. 

First Ammonium Sulfate Fractionation—To each 100 ml. of crude ex- 
tract (approximately 15 mg. of protein per ml.) 24.5 gm. of solid am- 
monium sulfate were added with stirring. After 30 minutes the precipitate 
was removed by centrifugation and 10.3 gm. of ammonium sulfate were 


1 Kindly supplied by Dr. J. P. Greenstein. 
2? Kindly supplied by Dr. W. W. Umbreit. 
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added to the supernatant solution. The mixture was centrifuged after 
30 minutes and the supernatant solution discarded. The precipitate was 
taken up in 30 ml. of 0.05 m phosphate buffer at pH 7.8. 

Acetone Fractionation—To this solution 19 ml. of acetone (—10°) were 
slowly added with stirring. After 30 minutes the precipitate was removed 
by centrifugation and 21 ml. of acetone were slowly added to the super- 
natant solution. After standing for 20 minutes, the precipitate was col- 
lected by centrifugation and suspended in 10 ml. of phosphate buffer. 
The mixture was stirred for several minutes and the insoluble protein 
removed by centrifugation and discarded. 

Second Ammonium Sulfate Fractionation—To the supernatant solution 
from the acetone fractionation 2.2 gm. of ammonium sulfate were added. 
The mixture was allowed to stand for 30 minutes, following which the 
precipitate was removed by centrifugation; 1.2 gm. of ammonium sulfate 


TABLE I 
Purification of p-Serine Dehydrase 


Fraction olettin | Protein Serine dehydrase 
units meg. 
Ist ammonium sulfate fractionation ........... 2200 350 6.3 79 
Acetone fractionation.................... ....| 1850 115 16 66 
2nd ammonium sulfate fractionation... ........ 1200 19 63 43 


were added to the supernatant fluid and the mixture allowed to stand for 
30 minutes. The precipitate was collected by centrifugation. This pre- 
cipitate was dissolved in 5 ml. of 0.1 m borate buffer at pH 8.2 and the 
resulting solution was dialyzed against the same buffer (0.01 m) for 12 to 
24hours. The dialyzed solution was centrifuged to remove a small amount 
of protein which had precipitated. 

The relative purity and activity recovered in the various fractions in a 
representative run are indicated in Table I. Usually between 35- and 40- 
fold purification of p-serine dehydrase was obtained by this procedure. 
Further purification has been achieved by repeating the second and third 
steps in the purification. 

Characteristics of p-Serine Dehydrase—In all subsequent determinations 
35- to 40-fold purified dehydrase preparations were employed. 

Identification of Pyruvic Acid As Product of p-Serine Deamination—5 ml. 
of a p-serine dehydrase preparation were incubated at 37° with 50 mg. of 
D-serine, 400 y of barium pyridoxal phosphate, and 3 ml. of 0.2 m borate 
buffer at pH 8.2. After 4 hours, 5 ml. of 10 per cent trichloroacetic acid 
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were added and the protein precipitate removed by centrifugation. A 
solution containing 200 mg. of 2,4-dinitrophenylhydrazine in 20 ml. of 
2 n HCl was added to the supernatant solution. After cooling the mix- 
ture overnight, the hydrazone was filtered and recrystallized from a 1:] 
mixture (volume per volume) of ethyl acetate and ligroin. The yield was 
24 mg. of hydrazone. These crystals melted at 118-119° (uncorrected) 
and gave no melting point depression when mixed with the 2, 4-dinitro- 
phenylhydrazone of authentic pyruvic acid. 

Equivalence of Ammonia and Pyruvate Production—A comparison was 
made of the amount of pyruvate and ammonia formed by the deamination 
of p-serine. The results of two determinations are given in Table IJ. It 
is seen that at both enzyme concentrations tested there is good agreement 


TaBLeE II 
Comparison of Pyruvate and Ammonia Production by p-Serine Dehydrase 
Enzyme Pyruvate formed Ammonia formed 
mil. uM uM 
0.05 4.2 4.1 
0.1 8.25 7.95 


The incubation mixture contained 2 mg. of p-serine, 40 y of barium pyridoxal 
phosphate, 1 ml. of 0.2 m borate buffer at pH 8.2, and enzyme in a 2 ml. volume. 
Incubated for 1 hour at 37°. The reaction was stopped with 1 ml. of 5 per cent tri- 
chloroacetic acid, precipitated protein was removed by centrifugation, and aliquots 
of the supernatant liquid were assayed for pyruvate andammonia. The values given 
above are corrected for controls containing enzyme plus all supplements except 
D-serine. 


between pyruvate and ammonia formation. Manometric experiments per- 
formed under conditions in which considerable amounts of pyruvate were 
being formed indicated that there is no detectable oxygen uptake associated 
with p-serine deamination by the Neurospora dehydrase. 

pH Optimum—Typical pH-activity curves in 0.1 mM phosphate buffer 
and 0.1 M borate buffer are shown in Fig. 1. Optimal activity is obtained 
at pH 8.1 to 8.2 in each case, although the dehydrase is less active in 
phosphate than in borate buffer. The nature of the phosphate inhibition 
will be considered in a later section. 

Coenzyme of p-Serine Dehydrase—In experiments performed with crude 
dehydrase preparations pyridoxal phosphate stimulated pyruvate produc- 
tion from p-serine. Attempts to free the enzyme from pyridoxal phosphate 
by fractionation have been successful only occasionally. However, when 
mycelium stored at —15° for several weeks is used as starting material, 
purified preparations are obtained which are inactive in the absence of 
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pyridoxal phosphate. This method of resolving pyridoxal phosphate-re- 
quiring enzymes has been used previously (13). A pyridoxal phosphate 
saturation curve for a partially purified p-serine dehydrase preparation is 
shown in Fig. 2. From this curve the pyridoxal phosphate concentration 
required to restore half maximal velocity can be estimated to be approxi- 
mately 3 K 10-§m. Additional evidence that pyridoxal phosphate is the 
coenzyme of p-serine dehydrase comes from the observation that the ac- 
tivity of crude dehydrase preparations (tested in the absence of additional 
pyridoxal phosphate) is completely inhibited by 10~* m hydroxylamine. 
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30 2 Or 
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Fic. 1. pH-activity curves for p-serine dehydrase. ©, 0.1 M borate buffer; @, 
0.1 m phosphate buffer. Standard supplements were employed. 

Fic. 2. Pyridoxal phosphate saturation curve for p-serine dehydrase. Incuba- 
tion period 20 minutes in the presence of 5 X 10-3 M p-serine, 0.5 ml. of 0.2 m borate 
buffer at pH 8.2, and 0.03 ml. of enzyme in a1 ml. volume. Calcium pyridoxal phos- 
phate of known purity (see foot-note 2) was employed and the concentrations indi- 
cated in the figure are calculated for free pyridoxal phosphate. 


Adenosine-5-phosphate and glutathione, reported activators of bacterial 
L-serine deaminase (14), as well as yeast extract (15), pyridoxal, and py- 
ridoxamine, were inactive in stimulating p-serine dehydrase activity when 
tested alone or in various combinations. 

Kinetics—The results of a typical experiment designed to determine the 
effect of p-serine concentration on the velocity of pyruvate production 
by p-serine dehydrase are shown in Fig. 3. It can be seen that the velocity 
of the reaction varies with the initial p-serine concentration. The first 
order constants obtained from these curves were used to calculate the 
Michaelis constant. A Lineweaver-Burk plot of the data in Fig. 3 is 
shown in Fig. 4. The K,, value for p-serine obtained from this curve is 


2.6 10-4 M. 
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Specificity—A partially purified p-serine dehydrase preparation was 
tested for the ability to form keto acids (with pyruvate as a standard, ex- 
cept in the case of p-threonine with which a-ketobutyrate was used) 


25 
5 
4X10 


5 lO 


minutes 
Fic. 3. Effect of p-serine concentration on the velocity of pyruvate formation 
by p-serine dehydrase. Standard supplements and conditions were employed with 
the initial p-serine concentrations and times indicated in the figure. 
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| 1S 2x10™ 
D - Serine 
Fic. 4. Lineweaver-Burk plot of kinetic data for p-serine. The K,, value for 
p-serine obtained from this curve is 2.6 10-4 


from the following compounds: L-serine, p-threonine, L-threonine, DL-allo- 
threonine, pL-glutamic acid, L-glutamic acid, DL-aspartie acid, L-aspartic 
acid, DL-homoserine, DL-alanine, glycine, pDL-methionine, pL-tryptophan, 
pL-leucine, DL-valine, pL-isoleucine, pL-norleucine, DL-a-amino-n-valeri¢ 
acid, DL-a-amino-n-butyric acid, and pt-homocystine. Of the compounds 
mentioned keto acid was produced from p-threonine, pu-glutamic acid, 
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and DL-aspartic acid. Since keto acid was not formed from .L-glutamic 
acid or L-aspartic acid, it appears that only the unnatural forms of these 
amino acids are attacked. All p-serine dehydrase preparations examined 
to date, both crude and purified, produce keto acid from p-threonine, DL- 
glutamic acid, and pL-aspartic acid, as well as from p-serine. Of these 
compounds keto acid production from p-threonine proceeds at the lowest 
rate. The formation of keto acid from p-threonine and p-serine is en- 
hanced in the presence of pyridoxal phosphate, while this coenzyme does 
not affect the production of keto acid from piL-glutamie acid or DL-aspartic 
acid. Furthermore, keto acid production in the presence of p-serine plus 
pi-glutamic acid (or pb-serine plus DL-aspartic acid) is the summation of 


6 IXIO°M D-serine 
plus D-threonine 
L 

5X10 MD-serine 
3 3 plus D-threonine 
2 
2S 
D-threonine 
20 40 60 
minutes 


Fic. 5. Keto acid production from pb-serine, p-threonine, and mixtures of these 
compounds. The p-threonine concentration used throughout was 5 X 10°? mM. The 
D-serine concentrations are indicated in the figure. 


keto acid formation from each substrate tested alone. When D-serine and 
p-threonine are tested together, there is a marked inhibition of keto acid 
production (see ‘‘Inhibition studies’). The formation of keto acids from 
bL-glutamic acid and from pDL-aspartic acid does not appear to be due to 
the contamination of p-serine dehydrase preparations with D-amino acid 
oxidase, since other D-amino acids which are readily attacked by Neurospora 
D-amino acid oxidase (4) were not deaminated. It seems reasonable to 
conclude that both p-serine and p-threonine are deaminated by the same 
enzyme. Whether or not a second enzyme is responsible for keto acid 
production from p.i-glutamic acid and pDL-aspartic acid cannot be stated 
at the present time. 

Inhibition Studies—The results of an experiment designed to examine 
the inhibition of the deamination of p-serine by p-threonine are presented 
in Fig. 5. It can be seen that p-threonine is deaminated very slowly as 
compared with p-serine. The addition of an equivalent amount of pD- 
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threonine (5 X 10-* m) to p-serine results in a substantial reduction in the 
rate of keto acid production. Doubling the b-serine concentration par- 
tially reverses p-threonine inhibition. These observations are taken as 
further suggestive evidence that keto acid formation from p-serine and 
from p-threonine is catalyzed by the same enzyme. L-Threonine and 1- 
serine are only slightly inhibitory. 

The effect of various substances on the activity of partially purified 
p-serine dehydrase was investigated. Phosphate, citrate, cysteine, CN-, 


TaBLeE III 
Effect of Various Substances on v-Serine Dehydrase Activity 


Per cent inhibition 


Supplement _ Molar concentration Per cent inhibition + 1X 
| 
Hydroxylamine................ 1 xX 10°3 | 100 
Phosphate....... 2x 10°? 22 
NH,* 0.1 30 
8-Hydroxyquinoline............ 5 X& 1074 55 


10-% 98 


and 8-hydroxyquinoline inhibited enzyme activity (Table III). These 
findings suggest that the dehydrase may be metal-activated. Consistent 
with this supposition is the observation that the inhibition caused by some 
of these metal-binding agents could be reversed by Mg** ions. However, 
attempts to free the dehydrase from a metal activator by prolonged dialysis 
against distilled water or by dialysis against citrate buffer at pH 5.5 and 
6.5 have been unsuccessful. 

The inhibition of p-serine dehydrase by hydroxylamine, NH,*, Co™, 
CN-, or Zn**, as well as the lack of inhibition by F-, is similar to the 
inhibition pattern obtained with another pyridoxal phosphate-requiring 
enzyme, tryptophan desmolase (1, 16). The inhibition of the dehydrase 


| 


Cc. YANOFSKY 351 


by Cot*, Cut+, or Zn** is partially reversed by Mgt ions. The inhibition 
caused by Cot*, or 8-hydroxyquinoline is partially reversed 
by additional pyridoxal phosphate. 


DISCUSSION 


It is, of course, exceedingly difficult to account for the presence in 
organisms of enzymes whose specificity restricts their action to unnatural 
substrates. D-Serine dehydrase would fall into this category. This en- 
zyme does not appear to serve a useful function, although it is always 
present in growing Neurospora mycelium and reaches a maximal level 
when maximal growth is attained. It is interesting that in an organism 
whose D-amino acid oxidase does not attack p-serine or p-threonine (4) 
there is a distinct enzyme which deaminates these two compounds. 

Several studies (17, 18) recently reported have demonstrated the stimu- 
latory action of pyridoxal phosphate in desulfhydrase systems. In this 
paper it was shown that Neurospora p-serine dehydrase requires this co- 
enzyme for its action. It has also been found that the deamination of L- 
serine by extracts of Neurospora is stimulated by pyridoxal phosphate. 
The functioning of this coenzyme in dehydrase and desulfhydrase systems 
indicates another group of similar reactions involving amino acids in which 
pyridoxal phosphate is an essential component. 


SUMMARY 


The Neurospora dehydrase responsible for the production of equivalent 
quantities of pyruvate and ammonia from pD-serine was investigated and 
purified 35- to 40-fold. The pH optimum of this enzyme was found to be 
between pH 8.1 and 8.2 in either borate or phosphate buffer. The pyri- 
doxal phosphate concentration required to restore half maximal activity 
to a resolved preparation is approximately 3 K 10-§m. The K,, value 
for p-serine was found to be 2.6 X 10-4 mM. Partially purified dehydrase 
preparations form keto acids from p-threonine, p-glutamic acid, or p- 
aspartic acid, as well as from p-serine. However, pyridoxal phosphate does 
not stimulate keto acid formation from p-glutamic acid or D-aspartic acid. 
D-Threonine inhibits keto acid production from p-serine and the inhibition 
is partially reversed by p-serine. The effect of various substances on the 
activity of p-serine dehydrase was investigated. 
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DEAMINATION OF SERINE 


I. CATALYTIC DEAMINATION OF SERINE AND CYSTEINE BY 
PYRIDOXAL AND METAL SALTS* 


By DAVID E. METZLER anp ESMOND E. SNELL 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, April 14, 1952) 


In an investigation of transamination reactions between pyridoxal and 
amino acids at 100° (2) serine was found to behave anomalously, appar- 
ently being deaminated to pyruvic acid with little change in pyridoxal 
concentration. Although serine is known to be deaminated by hot con- 
centrated alkalies (3) and acids (4), such a non-enzymatic reaction in the 
pH range near neutrality has not been reported. This reaction has now 
been studied in some detail and has been shown to require both pyridoxal 
and a metal salt for its catalysis. Cysteine undergoes a similar reaction 
to yield pyruvate, ammonia, and hydrogen sulfide. 


Methods 


Analytical methods for keto acids, pyridoxal, and pyridoxal plus pyri- 
doxamine and the sources of most chemicals have been described (2). 
The keto acid assay was standardized against sodium pyruvate and against 
solutions of sodium hydroxypyruvate. 

Ammonia was determined by placing a 2 ml. sample containing 0.5 to 
2.5 uM of ammonia in an 18 X 125 mm. culture tube. 1 ml. of 10 per cent 
NaOH was added and the ammonia collected by aerating for 45 minutes 
with washed air into 3 ml. of 0.05 n HCl. The collected ammonia was 
determined colorimetrically with the modified Nessler’s reagent of John- 
son (5). Results were reproducible within +1 per cent. 

Chromatography of Keto Acid 2,4-Dinitrophenylhydrazones—The _ pro- 
cedure followed was essentially that of Cavallini et al. (6). Keto acids 
were allowed to react with 0.1 per cent 2,4-dinitrophenylhydrazine in 2 N 
HCl, avoiding a large excess of reagent. The hydrazones were extracted 
into ethyl acetate and spotted onto sheets of Whatman No. 1 paper on 
which had previously been placed 0.01 ml. of 0.2 Mm phosphate buffer (pH 
7.2) at the site of each sample spot. The buffer served to neutralize any 
HCl carried into the ethyl acetate and minimized spreading of the sample 
spots. The upper layer of the system n-butanol 50, water 40, ethanol 10 
(parts by volume) was the usual solvent. The paper was equilibrated 


* A preliminary report has appeared (1). 
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with solvent vapors for 1 to 2 hours before it was lowered into the solvent. 
Development was continued until the solvent front climbed about 30 em. 

With all a-keto acids except ketoglutaric acid, two spots with distinctly 
different Ry values and different absorption spectra in alkaline solution 
were obtained. When a fresh ethyl acetate solution of the crystalline 
dinitrophenylhydrazone of pyruvic acid was placed on paper and chro- 
matographed, only the slower moving spot was obtained; however, the 
faster spot appeared if the solution was allowed to stand before chro- 
matographing. The crystalline 2,4-dinitrophenylhydrazone of hydroxy- 
pyruvic acid! gave only the faster spot. In every case, elution of either 
of the two spots with buffer, followed by acidification, ethyl acetate ex- 
traction, and rechromatographing, resulted in the appearance of both the 
fast and slow moving components. This ready interconversion of the 
two components suggests that they are syn and anti isomers of the hydra- 
zones. The fact that the crystalline derivatives contain only one form, 
whereas samples of hydrazones prepared as described above (or by similar 
procedures commonly used in preparing samples for chromatography) 
contain both, may lead to confusion and possibly explains some of the 
“unknown” spots reported in the literature (7, 8). 

Ry values were somewhat variable from one day to another. The fol- 
lowing values are averages for the two spots obtained from each keto acid. 
The first value (Rr) given is for the major component of the pair: gly- 
oxylic acid, 0.44, 0.61; pyruvic acid, 0.51, 0.67; hydroxypyruvic acid, 0.50, 
0.43; a-ketobutyric acid, 0.59, 0.68. 

Absorption spectra in neutral buffered solutions and in alkaline solutions 
were determined on some sample spots after elution with neutral phos- 
phate buffer and proved useful in the identification of the hydrazones.’ 
For example, the hydrazones from hydroxypyruvate and pyruvate give 
spots at Rr 0.50 and 0.51, but the spectra of these in alkaline solution are 
unmistakably different. 

Amino acids were identified by chromatography by the ascending tech- 
nique on Whatman No. 1 filter paper with water-saturated phenol as the 
developing solvent. The spots were located with ninhydrin. 

Hydroxypyruvic acid was prepared from recrystallized bromopyruvic 
acid (9). Periodate uptake by the solutions of hydroxypyruvate (10) was 
87 per cent of theory. The molarity of such solutions was assumed to be 
87 per cent of that calculated from the weight of bromopyruvic acid hy- 
drolyzed. 


Reactions were carried out at 100° in aqueous solutions sealed in small 


1 We are indebted to Dr. David B. Sprinson for this sample. 
2 We are grateful to Dr. Norman Radin for suggesting this procedure. 
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glass tubes, as previously described (2). Unless otherwise specified, 0.1 
u acetate buffers (acetic acid and sodium acetate) were used. 


Results 


Catalysis of Serine Deamination by Pyridoxal and Metal Salts—Both 
pyridoxal and alum are necessary for rapid keto acid production from serine 
(Table I). The keto acid produced far exceeds the pyridoxal loss; hence 
transamination cannot account for the observed results. In separate ex- 
periments, the keto acid produced was identified as pyruvic acid by paper 
chromatography and spectral characterization of the dinitrophenylhydra- 
zones. No hydroxypyruvate could be detected in the reaction mixtures. 


TABLE I 
Catalysis of Keto Acid Production from Serine by Pyridozal and Alum 


The samples were buffered at pH 5.0 with acetic acid (0.2 m)-ammonia buffer pre- 
pared from redistilled acid and ammonia and heated for 10 minutes at 100°. 


Reactants Products 
Serine Pyridoxal | Alum* Pyridoxal Pyruvate 
pert perk. per mu per I. ma per I. 
10 | 0 : 0 0.00 
10 | 0 1 0.00 
10 10 0 9.7 0.23 
10 | 10 1 9.2 5.6 
10 | Pyridoxamine 10 1 0.01 0.04 


* NH,A1(SO,)2-12H20. 


Table II shows the dependence of the pyruvate production on the con- 
centrations of the reactants. As shown later, reaction rates are sensi- 
tive to salt concentration; the reactions of Table II proceeded more slowly 
than those of Table I, primarily because a less concentrated buffer was 
used. 

The catalytic effects of various metal salts are presented in Table ITT. 
It is significant that the same salts which are catalytically effective in 
transamination between pyridoxal and glutamic acid (2) are effective here. 

The course of the reaction with time for two different serine concentra- 
tions is shown in Fig. 1. Pyruvate and ammonia concentrations agree 
within experimental error? except on prolonged heating, when some de- 

*Some discrepancies exist during the early part of the reaction. The higher 


ammonia values are probably due to a small amount of deamination continuing at 
room temperature during the procedure for ammonia determination. 
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composition of pyruvate may occur. The indtial fairly rapid decrease jn 
pyridoxal concentration, which was accompanied by no significant decrease 
in total vitamin Be, indicates that about 10 per cent of the serine under- 


TaBLe II 
Effect of Reactant Concentrations on Rate of Pyruvate Production 
The samples were buffered at pH 5.0 with 0.1 M acetate buffer and heated at 100° 
for 10 minutes. 


Reactants 
Pyruvate formed 
Serine | Pyridoxal Alum* 
mM per |. | mM perl. | mM per |. mM per I. 
10 | 1 1 0.41 
10 2 1 0.99 
10 4 1 2.28 
10 4 0.4 2.27 
10 4 0.2 1.97 
10 4 | 0.1 0.98 
10 | 4 | 0.05 0.58 
5 | 4 | 1 1.1] 
20 | 4 1 4.80 
* 


TaB_e III 
Catalysis of Pyruvate Production from Serine by Various Metal Salts 


10 mM serine, 4 mM pyridoxal, and 0.1 mm metal salt were heated in 0.1 m acetate 
buffer, pH 5.0, for 10 minutes at 100°. 


Metal ion* | | Metal ion* | 

mM perl. | ome per 


* Added as sulfates or as metal ammonium sulfates. 


went transamination to hydroxypyruvate. The latter, as shown later, 
decomposes under these conditions and could not be detected in the reac- 
ion mixture. In 4 hours, only about 75 per cent of the theoretical pyru- 
vate and ammonia production occurred, although production of these sub- 
stances had become very slow. Chromatographically detectable amounts 
of serine were still present at this time. 
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TIME, MINUTES 
Fic. 1. Pyruvate and ammonia production from serine as a function of time. The 
solid symbols are for 20 mM serine, open symbols for 10 mM serine. Pyridoxal was 
4mm,alum1 mma. 0.1 M acetate buffer, pH 5.0. was used. @, O, pyruvic acid; A, A, 
ammonia; ™, 0, pyridoxal. 
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Fic. 2. The effect of pH on the production of pyruvate from serine. Serine 10 
mM, pyridoxal 4 mm, and metal salt 1 mm. Reaction at 100° for 10 minutes. O, @, 
alum; A, A, copper sulfate; O, A, unbuffered solutions; @, A, buffered solutions 
(0.1 M acetate up to pH 5.6, 0.1 m phosphate, pH 5.6 to 8.3, 0.02 m borate, pH 9 to 10). 
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Failure of the reaction to proceed to completion is not due to attainment 
of an equilibrium, since no serine synthesis could be detected when pyru- 
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Fic. 3. Pyruvate and ammonia production from cysteine in the presence of pyri- 


doxal and alum. Pyridoxal and cysteine were 10 mm, alum 1 mm. 0.1 M acetate 


buffer, pH 5.0, 100°. O, pyruvie acid; A, ammonia; 0, pyridoxal. 
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Fic. 4. The reaction of pyridoxamine and hydroxypyruvate. The open symbols 
represent the reaction of 10 mm pyridoxamine, 10 mm hydroxypyruvate, and | mM 
alum; the solid symbols show the decomposition of hydroxypyruvate when heated 
alone with 1 mm alum. Reaction at 100° and pH 5, 0.1 mM acetate buffer. @, O, 
keto acid calculated as hydroxypyruvate; A, pyridoxal; 0, ammonia. 


vate, ammonium sulfate, pyridoxal, and alum were heated together under 
similar conditions. It appeared due rather to a greatly decreased rate of 
reaction, greater than could reasonably be expected from the changes in 
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reactant concentrations alone, and possibly due to inactivation of the 
metal catalyst in some manner. A somewhat similar rapid falling off of 
reaction rates was noted in non-enzymatic transamination experiments (2). 

A minor ninhydrin-positive compound with an FR, value corresponding 
to alanine was produced. A small amount of alanine would be expected 
from transamination between pyruvate and the small amount of pyridox- 
amine present. Another minor component of lower Rr was formed but 
was not identified. 

The pH dependence of the reaction rate is shown in Fig. 2. The op- 
timum near pH 4 is quite similar to that for transamination (2). Copper 
sulfate catalyzes the reaction at alkaline pH values as well. The concen- 
tration of buffer has a pronounced effect on the rate, much greater than 
that noted in transamination reactions (2). Throughout the pH range 
pyridoxal losses were no greater than those observed at pH 5. Serine and 
pyruvate are stable up to pH 10 under the conditions used here when 
pyridoxal is omitted. 

Pyridoxal phosphate and 5-desoxypyridoxal* were even better catalysts 
for the reaction than pyridoxal, while 3-methoxypyridoxal* was without 
effect. 

Deamination of Cysteine—Fig. 3 shows that pyruvate (identified as de- 
scribed earlier) and ammonia are produced in equal amounts from cysteine, 
pyridoxal, and alum. A complication exists owing to the rapid formation 
of a thiazolidine compound between pyridoxal and cysteine (11). The in- 
completeness of the deamination reaction and the decrease in pyridoxal 
concentration with time are attributed primarily to this cause. Hydrogen 
sulfide liberation was not measured, but its odor was very noticeable when 
the reaction tubes were opened. 

Reaction of Hydroxypyruvate and Pyridoxamine—This reaction was in- 
vestigated in an attempt to shed some light on the mechanism of the de- 
amination reaction. Fig. 4 shows the course of keto acid disappearance 
and pyridoxal and ammonia production. Hydroxypyruvate when heated 
alone decomposes rapidly, giving no keto acids detectable by chroma- 
tography. ‘These data indicate that about 15 per cent of the reactants 
are transaminated to pyridoxal and serine. The latter was detectable in 
small amounts on chromatograms after 5 minutes. The observed slow 
ammonia evolution is probably due to deamination of the serine produced 
and to a slow oxidative deamination of the pyridoxamine. However, no 
pyruvate or alanine (which should arise by transamination) was detected. 
Possibly pyruvate was destroyed by reacting with hydroxypyruvate or 
products of its decomposition. 


‘ Dr. Karl Folkers kindly supplied these compounds. 
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DISCUSSION 


Serine and cysteine have been shown to be catalytically deaminated by 
pyridoxal and metal salts to yield pyruvic acid and, in the case of cysteine, 
hydrogen sulfide. The similarities of pH optima and catalytic metal salts 
in these deaminations and in transamination reactions (2) suggested that 
the first step in the deamination of serine might involve a transamination 
reaction to yield the Schiff base of pyridoxamine and hydroxypyruvic 
acid, which could then undergo a dehydration, rearrangement, and hydroly- 
sis to the observed products. Experimentally, however, hydroxypyruvate 
and pyridoxamine yield ammonia only slowly. Nevertheless, the similari- 
ties between non-enzymatic transamination and deamination reactions sug- 
gest a common feature in the mechanisms. This could be the formation 
of an intermediate reactive Schiff base, stabilized by chelation with the 


HOCH, 

3 


catalytic metal. By shift of the double bond and migration of the a- 
hydrogen, transamination can occur, or by splitting out of water (or H,S) 
the Schiff base of amino acrylic acid could be formed and undergo spon- 
taneous hydrolysis to free amino acrylic acid, and thence to ammonia and 
pyruvie acid. 

The catalytic réle of pyridoxal in these reactions suggests that pyridoxal 
phosphate may be the coenzyme for enzymatic dehydration of serine as 
well as for desulfhydration of cysteine (1, 12). 


SUMMARY 


1. Serine is deaminated by pyridoxal and aluminum, copper, or iron 
salts at 100° to yield pyruvic acid and ammonia. 

2. pH optima for the reaction are at about 4 and above 9. Rates are 
highly dependent on the concentration of buffer salts and on the catalytic 
metal ion used. 

3. Cysteine undergoes a similar reaction to yield pyruvate, ammonia, 
and hydrogen sulfide. 

4. Hydroxypyruvic acid and pyridoxamine transaminate at pH 5, 100°, 
to yield serine and pyridoxal. The reaction is partially obscured, how- 
ever, by the rapid decomposition of hydroxypyruvate under these con- 
ditions. 

5. A possible mechanism for the catalytic deamination of serine and cys- 
teine is discussed briefly. 
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DEAMINATION OF SERINE 


II. p-“SERINE DEHYDRASE, A VITAMIN Bs ENZYME FROM 
ESCHERICHIA COLI* 
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(Received for publication, April 14, 1952) 


Non-enzymatic deamination of serine and cysteine is catalyzed by py- 
ridoxal and certain metal salts at 100° (2). This finding suggested that 
pyridoxal phosphate might be involved in the enzymatic deamination of 
these amino acids. Vitamin Bs has already been implicated in the de- 
sulfhydration of cysteine by rat liver (3) and of cysteine and homocysteine 
by bacteria (4). Several similarities of cysteine desulfhydrase and of ser- 
ine dehydrase have been reported (5, 6). These findings supported the 
supposition that vitamin Bs, might be involved in serine dehydration, in 
spite of the recent report that adenosine-5-phosphate and glutathione are 
the only demonstrable cofactors of serine and threonine dehydrases (de- 
aminases) from Escherichia coli (7). 

The preparation in cell-free form. of a pyridoxal phosphate (PLP) re- 
quiring p-serine dehydrase from cells of E. coli is described below. This 
enzyme is readily separated from the serine dehydrase of Wood and Gun- 
salus (7), which appears to be an L-serine dehydrase. 


EXPERIMENTAL 


Preparation of Cells—Both the Crookes strain of E. colt (ATCC 8739) 
and a vitamin Be-requiring mutant of E. coli! were used. These were 
grown on either of two media. Medium A contained 20 gm. of Difco 
tryptone, 10 gm. of Difco yeast extract, and 5 gm. of K2,HPO, per liter; 
its initial pH was 7.4. Medium B contained 7 gm. of KzHPO,, 3 gm. of 
KH2PO,, 0.5 gm. of sodium citrate trihydrate, 0.1 gm. of MgSO,-7H,0, 
0.4 gm. of (NH4)2SOx, 0.1 gm. of Fe(NH,4)2(SO,4)2-6H20, 10 gm. of glucose, 
3.4 gm. of the amino acid mixture described by Sauberlich and Baumann 
(8), 10 mg. each of adenine, guanine, and uracil, 0.4 mg. each of riboflavin, 
calcium pantothenate, and nicotinic acid, 0.2 mg. each of thiamine hydro- 
chloride and p-aminobenzoic acid, 10 y of folic acid, and 2 y of biotin per 
liter; its initial pH was 7.0. 

* A preliminary report has appeared (1). 


1We are indebted to Dr. Bernard D. Davis for supplying this organism, mutant 
M154-59L. 
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The bacteria were grown either in liquid media without aeration or in 
Roux bottles on media solidified with 2 per cent agar. In either case the 
cells were harvested after 14 to 16 hours, washed once or twice with 0.9 
per cent NaCl, and suspended in sufficient 0.1 m phosphate buffer (pH 7.0 
or 7.8) to give a suspension containing 10 to 100 mg. of dry cells per ml. 
The buffer was usually 3 K 10-* Mm in glutathione (GSH). Most sus. 
pensions were vacuum-dried over potassium hydroxide. Cell-free extracts 
were prepared by freezing and thawing twice, then autolyzing suspensions 
of dried cells as described by Wood and Gunsalus (7). The suspending 
liquid was phosphate buffer at either pH 7.0 or 7.8 containing 6 X 10° 
mM GSH. 

Assay of Serine Dehydrase—Optically pure p- and L-serine? and commer- 
cially available pL-serine and L- and pu-threonine were employed. A 
suitable aliquot of the cell suspension or extract to be assayed was placed 
in a tube containing 0.3 ml. of the desired 0.5 m buffer and water to make 
the final volume after addition of activators and substrate 1.5 ml. In 
early work the mixture was made 0.001 m in MgSO,, since reports in the 
literature indicated a possible need for Mgt*+. This has not been found to 
have any activating effect on the preparations we tested. Activators and 
other additions were usually incubated with the enzyme for 10 minutes at 
37.5° before addition of the substrate. 0.3 ml. of 0.1 M pL-serine or thre- 
onine was added and the samples incubated aerobically for 10 or 30 min- 
utes. Since only limited amounts of p- and L-serine were available, these 
were used at lower concentrations, even though the reaction rate was not 
linear with time under these conditions. The reaction was stopped with 
0.5 ml. of 25 per cent trichloroacetic acid, the precipitate centrifuged, and 
the supernatant solution analyzed for keto acid by the direct method of 
Friedemann and Haugen (9). This procedure was standardized against 
sodium pyruvate and against the ketobutyrate formed by deamination 
of a known amount of t-threonine by dried EF. coli cells. 98 per cent of the 
theoretical amount of ammonia was produced in this reaction. Dupli- 
cate assays usually agreed within 5 per cent or better. The data given are 
average values of the duplicates, corrected for the small amount of carbonyl 
compounds present in the cells and for the pyridoxal phosphate added. 

While cell-free extracts show approximately linear kinetics with respect 
to time and enzyme concentration (Fig. 1), some dried cell preparations 
deviate markedly from this behavior. For this reason, no formal unit 
of enzyme activity has been employed. For comparative purposes, the 
amounts of keto acid produced in 10 or 30 minutes per mg. of dry cells or 
their equivalent have been tabulated along with the actual weights of 
cells used. 


2 Dr. Jesse P. Greenstein generously supplied these isomers. 
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Ammonia determinations, chromatography, and _ spectrophotometric 
characterization of keto acid 2,4-dinitrophenylhydrazones were carried 
out as described in Paper I (2). The source and purity of pyridoxal 
and pyridoxamine phosphates have been described (10). 


Results 


Activation of Serine Dehydrase by Pyridoxal Phosphate—Pyruvate pro- 
duction by cells of the vitamin B,-requiring mutant grown without added 
vitamin Bs in Medium B is increased 50 to 100 per cent by the addition of 


a be 

a 

< O4}+ 

0 50 100 150 200 


MG DRIED CELLS (AS EXTRACT) * TIME IN MINUTES 
Fig. 1. Pyruvate production from p.L-serine as a function of time and enzyme 
concentration. A cell-free extract of dried E. coli cells (Crookes strain, grown in 
Medium A) was the enzyme source. Tris(hydroxymethyl)aminomethane buffer, 
pH 8.2, was used. Pyridoxal phosphate added was 5 XK 10°-* m. Incubation at (@) 
7.5 minutes, (O) 15 minutes, (A) 30 minutes, and (0) 60 minutes. 


PLP (Table I). Pyruvate production by cells grown in the presence of a 
high level of pyridoxamine is increased only 10 to 20 per cent by such ad- 
ditions. The activity of freshly prepared cell-free extracts from vitamin 
Be-deficient cells is increased 6 times by PLP, whereas similar extracts 
from cells grown on high vitamin Bg are activated only slightly. An ex- 
tract from vitamin B,-deficient cells purified 3-fold on an organic solids 
basis by ammonium sulfate precipitation showed a 9-fold increase of ac- 
tivity when PLP was added. These results demonstrate that the serine 
dehydrase of these extracts is a pyridoxal phosphate enzyme, and that 
resolution was not affected by the treatments applied to those cells grown 
with excess pyridoxamine. 

Dried cells of a wild type F. coli grown on Medium A also show increased 
pyruvate production from pt-serine when PLP is added (Table II). The 
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effect is most pronounced in the older cell-free extracts. This partial 
resolution of the holoenzyme is probably a result of repeated thawings of 
the extracts, which were stored in the frozen state; prolonged storage does 
not in itself cause any resolution. In line with the observations of others 


TABLE 
Pyruvate Production from pu-Serine by Vitamin B.-Requiring Mutant of E. coli. 
E. coli M154-59L was grown on Medium B with no added vitamin Bg (low Bs) or 
with 20 mg. per liter of pyridoxamine dihydrochloride (high B.s). Fresh cells were 
treated with toluene to prevent keto acid metabolism (12). All dried cells and 
cell-free extracts were prepared in phosphate buffer, pH 7.0, and incubated in the 
same buffer. 


| 

Preparation No. Medium — Additions* | produc. 

cells “in 30 min 

mg. 
I. Fresh cells from liquid medium Low Bs. | 2.4 None 0.063 
2.4 PLP 0.112 
High Bs, | 2.4 None 0.084 
2.4 PLP 0.100 
II. Dried cells from liquid medium Low Be | 2.4 None 0.061 
2.4 PLP 0.117 
High 2.4 None 0.096 
2.4 PLP 0.099 
III. Dried cells from agar surface Low Bs, | 1.5 None 0.107 
1.5 PLP 0.203 
Cell-free e®tract from III Low Bs | 2.4 None 0.023 
2.4 PLP 0.133 
2.4 PLP + AMP | 0.140 
High Be | 2.4 None 0.064 
| 2.4 PLP 0.068 

Fractionated extract} from III Low Be | 5.3 None 0.0058 
| 5.3 PLP 60.051 


* Pyridoxal phosphate (PLP), 5  10-* m; adenosine-5-phosphate (AMP), 5 
xX 10 M. 
t Chromatographic experiments established that the keto acid formed was pyru- 


vate. 
t The fraction used was soluble in 1.72 m and insoluble in 1.98 m ammonium sul- 
fate at room temperature. The product was dialyzed free of ammonia. 


(11), we found that cells grown on the carbohydrate-free Medium A at pH 
7.4 have a much higher deaminase activity than those grown on the carbo- 
hydrate-containing Medium B at pH 7.0. The former cells, especially 
when dried at pH 7.8, also deaminate threonine and are activated by 
adenylic acid and glutathione, as reported by Wood and Gunsalus (7). 
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Incontrast, most of the cell-free extracts show little or no activation by these 
eompounds and are only shghtly active in the deamination of threonine. 
Effect of Various Buffers on Serine Dehydrase Activity—A striking dif- 


TABLE II 
Pyruvate Production from pvu-Serine by Wild Type E. coli 


All enzyme preparations were from Crookes strain of EF. coli grown on Medium A. 
Incubations were carried out in phosphate buffer, pH 7.8. 


Preparation Additions* | production 

mg. uM 
X. Dried cells, pH 7.8 0.60 | None 0.45 
0.60 PLP 0.55 
0.60 AMP + GSH 1.57 
Cell-free extract from X, pH 7.8 | None 0.29 
0.40 | PLP «60.55 
0.40 AMP + GSH 0.37 
Same extract 6 days old 1.20 None 0.14 
1.20; PLP 0.59 


* Pyridoxal phosphate, 5 mM; adenosine-5-phosphate, 5 gluta- 
thione, | 1073 


TaB_e III 
Effect of Different Buffers on Serine Dehydration by Extracts of E. coli 


All tubes contained cell-free extract, Preparation IX, equivalent to 0.23 mg. of 
dry cells of E. coli, Crookes strain, grown on Medium A. 


-—-— 


Pyruvate production 
Buffer, pH 7.8 | Additions* in 30 min. 


uM per mg. cells 


Phosphate | None 0.86 
PLP | 1.33 

Tris(hydroxymethyl)aminomethane | None 0.095 
| PLP 0.95 

Triethanolamine | None 0.57 


| PLP | 1.56 


*5 & 10°° mM pyridoxal phosphate was used. 


ference in serine dehydrase activity occurs when phosphate buffer is re- 
placed by tris(hydroxymethyl)aminomethane buffer (Tris buffer, Table 
III). In the absence of added PLP, the activity in the latter buffer is only 
10 per cent of that in its presence; the activity in phosphate buffer (without 
PLP) is much higher. <A possible explanation for the high apparent reso- 
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lution in Tris buffer is that the primary amine group of this buffer combines 
loosely with PLP, perhaps to form a Schiff base. Triethanolamine buffer 
cannot react in this way and shows effects intermediate between phosphate 
and Tris buffers (Table IIT), suggesting that this explanation may be par- 
tially correct. 

The dependence of activity of partially purified serine dehydrase upon 
pH is shown in Fig. 2. The optimum is similar to that reported (11) for 
intact, resting cells of FE. colt. 

Optical Specificity of Soluble Enzyme—The cell-free extracts attack p- 
serine rapidly and convert it completely to pyruvate and ammonia. _L- 


0.10 


0.08F- 


0.06F 


MICROMOLES PYRUVATE PRODUCED 


0.00 
5 6 7 8 9 


pH AT 25 


Fic. 2. pH dependence of pyruvate production by the salt-fractionated extract 
of EF. coli. Pyruvate production at 30 minutes per mg. of original cell weight is 
plotted. O, acetate and phosphate buffers; A, tris(hydroxymethyl)aminomethane 
buffers. 


Serine is attacked at a rate less than one-tenth as great (Fig. 3). Thus, 
the enzyme is a D-serine dehydrase and differs from that described by Wood 
and Gunsalus (7), which appears to be L-serine (or threonine) dehydrase. 
Further clarification of the relationship of these two enzymes is provided 
by the data in Table IV. Whereas keto acid production by dried cells from 
L-serine and piL-threonine is greatly activated by addition of AMP, pyru- 
vate production from p-serine is unaffected. In contrast, dehydration of 
p-serine but not of L-serine or threonine, is greatly increased by PLP. 

Under our conditions p-serine dehydrase is more stable than the L- 
serine dehydrase, since most cell-free extracts are almost free of the latter 
enzyme. Whether the small amount of deamination of L-serine by such 
extracts (Fig. 3) is due to contaminating traces of the L-serine dehydrase 
is not yet known. 
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In recent experiments, extraction of 70 to 95 per cent of the p-serine 
dehydrase from dried cells was effected by merely suspending them for 
1 hour at 5° in 0.1 mM phosphate buffer. The extract contained very little 
i-serine dehydrase, while a large part was retained in the residue (Table V). 

A more detailed study of the properties of the p-serine dehydrase from 
E. coli is planned after its further purification. Experiments to date give 
the following additional information. Pyruvate and ammonia are pro- 
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Fig. 3. Comparative pyruvate production from p- and L-serine by a cell-free 
extract of FE. coli (Crookes strain). Substrates were 2 X 10°* M; pyridoxal phosphate 
6X 10-*m. The extract of 2 mg. of dry cells was present per ml. of phosphate buffer, 
pH 7.8. Determinations on the 120 minute samples showed that 98 per cent of the 
theoretical ammonia was evolved in the deamination of p-serine. Chromatography 
and spectral characterization of the 2,4-dinitrophenylhydrazone of the product 
showed that pyruvate was produced. No detectable amounts of hydroxypyruvate 
or other keto acids were formed. 


duced in equimolecular amounts, and pyruvate is the only keto acid 
formed (Fig. 3). Pyruvate production under nitrogen is as rapid as in 
air. No stimulation by either AMP or GSH has been observed; however, 
the latter was always added during preparation of dried cells and hence 
Was present in small amounts. Approximately 50 per cent saturation of 
the enzyme with coenzyme and substrate respectively occurs with 1 x 10-8 
M PLP and 3 X 10-4 p-serine. With a crude cell-free preparation, pyri- 
doxamine phosphate (PMP) activates the enzyme fully at a concentration 
of 1 X 10° mM, but conversion of PMP to PLP during preincubation of 
enzyme with activators (e.g. by transamination with small amounts of 
keto acid present in such extracts) has not been excluded. 
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TABLE IV 


II 


Keto Acid Production by Dried Cells from Various Substrates 


0.5 mg. of cells of E. coli, Crookes strain, dried at pH 7.8, per tube. 


at pH 7.8, phosphate buffer, for 10 minutes. 


Incubation 


Substrate* 


Keto acid production 


Additionst 
uM per mg. cells 

None 0.38 

AMP 0.38 

PLP + AMP 0.62 
AMP 1.00 

PLP + AMP 1.03 
None 0.38 

AMP 1.25 
PLP + AMP 1.48 

PLP 0.19 

AMP 2.08 
PLP + AMP 2.12 


* 0.3 ml. of 0.01 M p- or L-serine or 0.02 M pL-serine or threonine per tube. 
+5 X 10-§ m pyridoxal phosphate and 5 X 10~4 m adenosine-5-phosphate. 


TABLE V 


Partial Separation of p- and u-Serine Dehydrases 
Dried cells of E. coli, Crookes strain, grown on Medium A were treated as shown. 


Assays were carried out in phosphate buffer, pH 7.8. 


Preparation 


Weight of cells 
| 


Pyruvate production in 10 min. 
p-Serine* L-Serine* 


um per mg. cells um per mg. cells 


mg. 

Dried cells..... 0.40 
ays 0.40 
Washed residue from Af................. 0.33 


om 19 
0.40 0.10 
0.50 0.20 
0.11 0.638 


* 0.3 ml. of 0.01 M p-serine with 5 X 10~* m pyridoxal or 0.3 ml. of 0.01 m L-serine 
with 5 X 10-* m adenosine-5-phosphate and 1 X 10-* m glutathione. 
Cells suspended in 0.1 m phosphate buffer, pH 7.8, containing 3 ade- 


nosine-5-phosphate and 6 X 10-3 m glutathione. 
Extract B 50 mg., of dried cells per ml. 


at 5°. 


Extract A contained 20 mg., 
Residue centrifuged after standing | hour 


t Residue washed once with 2} times the original volume of buffer. 
§ Variable results were obtained, depending on the assay conditions. 


p-Serine. . 
L-Serine | 
DL-Serine. 
“ec 
| 
3 
pL-Threonine. ... 
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Pyridoxal, pyridoxamine, 5-desoxypyridoxal, and 3-methoxypyridoxal 
were Without effect in activating the enzyme at concentrations of 2.5 K 10-5 
u. In frozen crude extracts, the enzyme is stable for at least 3 months. 
The enzyme is inhibited almost completely by 10~ Mm copper or zinc sulfates 
and is inactivated by boiling for 2 minutes. 


DISCUSSION 


The data presented show that E. coli contains a p-serine dehydrase 
which is activated by pyridoxal phosphate. Recently Yanofsky (12) and 
Reissig (13) have reported that extracts of Neurospora contain a serine- 
deaminating enzyme which is stimulated by pyridoxal phosphate but not 
by AMP or GSH. No evidence that the L-serine dehydrase of Wood and 
Gunsalus (7) is a vitamin Bs enzyme has yet been obtained, but it would 
seem strange if entirely different mechanisms for this reaction were em- 
ployed for the p and L isomers. It seems likely that L-serine dehydrase 
is also a vitamin Bs enzyme, but that the coenzyme is bound much more 
tightly. Reissig (13) reports that L-threonine dehydrase of Neurospora is a 
pyridoxal phosphate-requiring enzyme. 

Serine is deaminated in at least two ways by biological systems: oxi- 
datively to hydroxypyruvate (14), or with no net oxidation to yield py- 
ruvate. The latter reaction corresponds to the non-enzymatic pyridoxal- 
catalyzed reaction (2), and is that carried out by the pb- and L-serine 
dehydrases studied here. It is predominant in bacterial cells (11, 15). 
Chargaff and Sprinson (16) have suggested that in this reaction the en- 
zyme catalyzes the dehydration of serine to a-aminoacrylic acid, which is 
then spontaneously converted to pyruvate and ammonia. The non-en- 
zymatic dehydration by pyridoxal and the enzymatic dehydration by 
pyridoxal phosphate proteins are readily fitted into this mechanism if 
one assumes formation of a Schiff base between serine and pyridoxal or 
pyridoxal phosphate, as suggested for the non-enzymatic reaction (2). 


OHH PYRUVATE 
=C—C, 
PYRIDOXAL CH,OPO; CH,OPO, + 
PHOSPHATE | PYRIDOXAL 


Whether the enzymatic reaction also requires a metal ion, as does the non- 
enzymatic reaction, remains to be determined. A metal ion might stabilize 
the intermediate Schiff base, as suggested for the non-enzymatic reaction. 
If a metal is not involved, the intermediate would still be stabilized by 
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hydrogen bonding (17), as shown in the accompanying diagram. The 
immediate product of enzymatic activity would be the Schiff base of amino- 
acrylic acid with pyridoxal phosphate, which could then hydrolyze to the 
unstable free aminoacrylic acid. It is possible that in other vitamin B,- 
catalyzed reactions involving serine this Schiff base of aminoacrylic acid, 
which would be somewhat stabilized by the long conjugated bond system, 
could react with other substances by addition across the double bond; 
e.g., With indole to yield tryptophan (12) and with homocysteine to give 
cystathionine (18). 

Purified preparations of D-amino acid oxidase attack D-serine slowly (19) 
or not at all (20). The natural occurrence of a special enzyme, D-serine 
dehydrase, that rapidly converts this amino acid to pyruvate thus assumes 
added interest as another indication of the participation of D-amino acids 
in metabolism. 


We are grateful to Dr. Chozo Mitoma for performing several experi- 
ments establishing the optical specificity of the enzyme. 


SUMMARY 


1. Vitamin Be-deficient cells of a mutant strain of Escherichia coli con- 
tain a serine dehydrase which requires pyridoxal phosphate as coenzyme. 
The enzyme is readily obtained in cell-free extracts and is partially re- 
solved when such extracts of a wild type FE. coli are aged. 

2. The enzyme is specific for p-serine and can be separated readily 
from an L-serine dehydrase that is also present in dried cells. 

3. Unlike L-serine dehydrase, p-serine dehydrase is not activated by 
adenosine-5-phosphate. No evidence that pyridoxal phosphate is a com- 
ponent of the enzyme deaminating L-serine and L-threonine was obtained, 
although its essential réle in this process is considered likely. 

4. A possible mechanism for serine dehydration is discussed briefly. 
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THE RELATIONSHIP OF PANTETHINE TO NATURALLY 
OCCURRING FORMS OF THE LACTOBACILLUS 
BULGARICUS FACTOR* 


By GENE M. BROWN anp ESMOND E. SNELL 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, April 14, 1952) 


The natural occurrence of several different forms of the Lactobacillus 
bulgaricus factor (LBF) was pointed out by Rasmussen et al. (1) and sub- 
sequently confirmed by others (2-4). A highly purified concentrate of 
one form (designated LBF-1A below) of this growth factor was obtained 
from culture filtrates of Ashbya gossymit (5).!. This compound contained 
8-mercaptoethylamine as one component, linked to pantothenic acid as 
an amide (5).2 Synthesis of the latter product has been reported (5).* 
It exists in a sulfhydryl form, named pantetheine, and as the more stable 
disulfide, named pantethine. The former is readily oxidized to the latter, 
so that the same single spot results when either is subjected to paper 
chromatography. 

Pantethine and the isolated form of LBF (LBF-1A) showed identical 
growth-promoting properties for twenty-two different microorganisms (6) 
and had Ry values on chromatograms developed with water-saturated 
n-butanol or n-amy!] alcohol that were identical within experimental error 
(5). On this basis it was first believed that the two were identical. Fur- 
ther work has shown, however, that the two compounds have distinctly 
different Rr values in some solvent systems, and are hence different com- 
pounds. The question of the relationship of synthetic pantethine to this 
and other naturally occurring forms of LBF is clarified below. 

A plausible answer to this question was suggested by the finding (2) 
that pantethine can be converted to chromatographically distinct, bio- 
logically active, mixed disulfides by reduction with appropriate thiols, 
followed by reoxidation with iodine. Many thiols occur naturally, and 
if pantetheine were the fundamental naturally occurring form of LBF, it 
seems inescapable that similar mixed disulfides would be formed from it in 
tissue extracts, thus giving rise to an indefinitely large number of chromat- 


* Supported in part by a Research Grant from the Division of Research Grants 
and Fellowships of the National Institutes of Health, Bethesda, Maryland. 

1 Peters, V. J., Brown, G. M., Williams, W. L., and Snell, E. E., in preparation. 

? Brown, G. M., and Snell, E. E., in preparation. 

*Wittle, E. L., Moore, J. A., Stepik, R. W., Peterson, F., McGlohon, V., Bird, 
0. D., Brown, G. M., and Snell, E. E., in preparation. 
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ographically distinct compounds with LBF activity. Treatment with 
intestinal phosphatase: liberates compounds with LBF activity from coen- 
zyme A (CoA) (7), and evidence for the occurrence of similar mixed disul- 
fides of this latter compound has been reported (8). Such impure prepa- 
rations of CoA would be expected to give rise to more than a single form 
of LBF, as has been reported (3). 

An experimental test of this concept of the origin of various naturally 
occurring forms of LBF is possible. If these forms are mixed disulfides of 
pantetheine (PSH) with other thiols, then reduction of either pantethine 
(PSSP) or any one of these mixed disulfides (PSSR’) with an excess of 
another thiol (RSH), followed after an appropriate interval by mild oxi- 
dation, should give the same active mixed disulfide (PSSR) from all of 
the active starting materials, as illustrated by Reactions 1 to 3. 


PSSP + zRSH ~~ 2PSH + RSSR + (z — 2)RSH (1) 
PSSR’ + zRSH —— <2 PSH + R’SH + (2 — 2)RSH + RSSR (2) 


I 
PSH + (2 — 2)RSH ——— PSSR 


3 RssR (3) 


Whether the mixed disulfide, PSSR, formed from pantethine was the 
same as that formed from various forms of LBF could be shown with high 
probability by comparison of their Ry values on paper chromatograms de- 
veloped with a variety of solvents. Such comparisons, if made with a 
variety of different mixed disulfides, should establish conclusively whether 
pantetheine is a component of the various naturally occurring forms of LBF. 

Such studies are presented below. It is concluded that each of several 
forms of LBF examined is a mixed disulfide between pantetheine and 
various unidentified, naturally occurring —SH compounds. 


EXPERIMENTAL 


Methods and Materials—Amounts of the sample equal to 5 LBF units 
(9) were spotted on individual, 1.5 & 40 cm. paper strips (Whatman No. 1). 
These were suspended in large glass cylinders and, after equilibration, de- 
veloped by the ascending technique. The strips were then removed and 
dried, and the zones with LBF activity detected by the bioautograph 
technique of Winsten and Eigen (10). The medium was that of Craig 
and Snell (6), solidified with 1.5 per cent agar. Lactobacillus helveticus 80 
was the test organism. 

The solvent systems employed are listed in Table I, together with 
sources, Ry values, and activities of the various LBF-active materials used. 
To avoid confusion, all such materials obtained from natural sources are 
designated as LBF, and the synthetic active compound as pantethine (5).’ 
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LBF-1A (Table I) is the form of the growth factor concentrated by Peters 
et al.,! the study of which resulted in an assignment of structure to pan- 
tethine (5).2>* LBF-1B and 2B were concentrated to the extent indicated 
by charcoal adsorption and elution, followed by use of alumina columns, 
essentially as described for LBF-1A.!. LBF-1C (Table I) was a mixture of 


TABLE I 
Source and R, Values of Different Forms of LBF Tested 


Solvent systemst 


Purity ‘ 
Source of LBF —s 1 | 2 | 3 | 4 | 5 LBF units Designation 
Rr values 
A. gossypii, culture | 1 | 0.93 | 0.94 | 0.94 0.89 | 0.94 400 | LBF-1A 
filtrate 
B. megatherium, cul- | 1 | 0.47 | 0.83§| 0.03 | 0.00 | 0.39 1,000 | LBF-1B 
ture filtratet 2 | 0.86 | 0.93§ 0.63 | 0.26 | 0.73 
3 | 0.17 | 0.85 | 0.00 | 0.00 | 0.56 500 | LBF-2B 
Coenzyme A,|| treated) 1 | 0.17 | 0.60 | 0.03 | 0.00 | 0.17 
with intestinal | 2 | 0.87 | 0.92 | 0.64 0.26 | 0.74 LBF-1C 
phosphatase 
Synthetic bis[((V(+)- 1 | 0.87 | 0.92 0.64 | 0.26 0.75 | 20,000 | Pantethine 
pantotheny])-2- 
aminoethy] |disul - 
fide | | 


* These numbers bear no known relationship to those used by Long and Williams 
(3) to designate various forms of LBF. 

t The solvent systems were as follow: System 1, n-butanol saturated with water; 
System 2, n-butanol 54, acetic acid 17, and water 29 parts by volume; System 3, 
n-butanol 60 and n-hexane 40 parts by volume, saturated with water; System 4, 
ethyl acetate saturated with water; System 5, ethyl acetate 70, acetic acid 15, and 
water 15 parts by volume. 

t We are indebted to Dr. O. D. Bird of Parke, Davis and Company for the culture 
filtrates from B. megatherium. 

§ Doublet zones. 

|| Sample 127-Dev-22, kindly provided by Dr. Fritz Lipmann, contained 187 CoA 
units per mg. 
two active compounds obtained by digesting a CoA concentrate with Ar- 
mour’s purified intestinal phosphatase, as described by Novelli et al. (11). 
Three other CoA preparations were similarly treated; these are described 
in Table IV. The pantethine used was an analytically pure synthetic 
preparation which assayed 20,000 LBF units per mg. when dried at 65° 
m vacuo.’ 

Chromatographic Comparison of Various Forms of LBF—Five chromat- 
ographically distinct forms of LBF are represented in Table I. Zone 2 
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of LBF-1B and Zone 2 of LBF-1C behave identically with pantethine in 
each of the solvent systems. The occurrence of this latter form in the 
digest of CoA is of particular significance. LBF-1A is apparently the 
least polar of any of these forms, for it migrates rapidly in each of the 
solvent systems. It resembles closely in Rr values the form of LBF con- 
centrated from culture filtrates of Bacillus subtilis by Vitucci et al. (4), 
which they showed to differ chromatographically from pantethine. 

Formation of Mixed Disulfides (Cf. (2))—For reduction, pantethine (2000 
units) and a 50-fold molar excess of the desired thiol were dissolved in 
5 ml. of water and allowed to stand. An equal number of units of the 
various forms of LBF was treated with the same amount of thiol in the 
same way. After 6 hours at room temperature, the thiols present in each 
solution were oxidized to the disulfides by titration to the starch end- 
point with 0.1 N iodine.*’ When sodium sulfite was the reducing agent, the 
oxidation with iodine was omitted.5 

Chromatographic Comparison of Mixed Disulfides—Mixed disulfides of 
the various preparations of LBF listed in Table I and of pantethine were 
prepared with 6-mercaptoethylamine, with cysteine, and with sodium sul- 
fite. Each of the resulting reaction mixtures was then chromatographed 
with three different solvent systems and the Ry values determined. The 
data of Table II show that such treatment resulted in every case in the 
formation of a new active compound with an R, value different from that 
of the original sample. Furthermore, the same compound (as indicated 
by Ry values identical within experimental error) is formed from each of 
the various naturally occurring forms of LBF and from pantethine when 
these are treated with a given reducing agent and then reoxidized. From 
each form of LBF, therefore, three different active compounds were formed, 
and each of these three compounds behaved in three different solvent sys- 
tems in the same way as the corresponding compound formed from pan- 
tethine. Each of the nine separate checks thus provided for each com- 
pound indicates the presence of the pantetheine residue in the original 
sample. It thus appears quite certain that the activity of each of the 


‘Just as chromatography of pantetheine results in appearance of a single spot 
corresponding to its oxidation product, pantethine, so the application of any of 
these reduction mixtures to paper will result in appearance of a spot corresponding 
to the mixed disulfides. From this point of view, the oxidation with iodine employed 
above is superfluous. However, its use made possible control experiments demon- 
strating that disulfides corresponding to the various thiols did not, by themselves, 
alter the Rp value of pantethine or other forms of LBF. 

5 The nature of the compound formed with sodium sulfite is not known. The 
significance of the comparisons to be made later is not impaired by this, since the 
conclusions drawn require only that the same compound be formed from pantethine 
and other forms of LBF. 
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forms of LBF tested is due to the presence of the pantetheine residue, and 
that the various chromatographically distinct forms of LBF tested here 
are disulfides formed in nature by oxidation of pantetheine alone or by 
oxidative cross-linking between pantetheine and unidentified thiols. 
Nature of LBF-1A—It seemed of interest to determine what type of 
mixed disulfide would show the solubility characteristics of LBF-1A. Its 
high rate of migration in each of the solvent systems tested suggested a less 


TaBLeE II 


Ry, Values of Mixed Disulfides Formed from Pantethine and from Different 
Forms of LBF 


Compound used in formation of mixed disulfidet 


| B-Mercaptoethylamine | Cysteine | Sodium sulfite 
Sample* 
Solvent system No.* 
Pantethine......... 0.43 0.79 0.16 0.22 0.68 0.55 0.37 0.29 | 0.11 
0.47¢ 0.78 0.16 0.22 0.67 0.54 0.37 0.28 | 0.10 
0.44 | 0.78 0.14 0.21 0.66 0.56 0.38 0.29 0.09 
0.45 0.78 0.14 0.21 0.66 0.57 0.38 0.28 0.10 
0.43 0.78 0.16 0.22 0.67 0.55 0.39 0.29 0.10 


* Designation of samples and of solvent systems as in Table I. 
t In some cases, treatment to form the mixed disulfide did not cause complete 
disappearance of the growth zone owing to the unchanged sample. This is un- 
doubtedly due to incomplete reduction in some instances by the mild treatment used 
(see the text). Ry values of the unchanged samples were in all cases the same as 
those given in Table I and hence are not listed. Controls in which 8-mercapto- 
ethylamine or cysteine was oxidized with iodine and added to the samples gave the 
same R » values listed in Table I. 

t This slightly high migration rate appears due to impurities in the sample. No 
doublet zone or change in zone dimensions resulted when this product and the one 
from pantethine were mixed, then chromatographed. 


polar structure than that of the remaining forms of LBF. With this in 
mind, pantethine and LBF-1C were treated with ethyl mercaptan in the 
manner described earlier for formation of mixed disulfides. As shown in 
Table III, the resulting mixed disulfides had very nearly the same Ry, 
values as did LBF-1A. It does not follow that the inert mercaptan 
moiety of LBF-1A is ethyl mercaptan; a mixed disulfide formed with any 
simple organic mercaptan lacking additional functional groups should have 
similar solubility characteristics. It is reasonable to assume that the inert 
moiety of LBF-1A is a mercaptan of this type. Since such mercaptans are 
readily volatile, it is not surprising that sulfur compounds other than £- 
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mercaptoethylamine and its degradation products were not found on paper 
chromatograms of acid hydrolysates of LBF-1A.? 


TABLE III 


Comparative Rp Values of LBF-1A and Mized Disulfide Formed by Treatment with 
Ethyl Mercaptan 


Sample Solvent System 1* Solvent System 4* 


Pantethine + ethyl mercaptanf......... 0.87, 0.96f 0.26, 0.88 
LBF-1C + ethyl mercaptanf........... 0.19, 0.87,f 0.96f 0.00, 0.25, 0.89 


* See Table I. 

t Reduction followed by reoxidation with iodine; see the text. 

t Doublet zones. The lower Ry values are due to unchanged pantethine or 
LBF-1C, the higher ones to the mixed disulfide formed. 


TaBLeE IV 
Ry Values of LBF-Active Compounds Liberated from Coenzyme A by Intestinal 
Phosphatase 
Coenzyme A preparations | 
Y-1 2.4 0.03 0.00 0.00 
0.11§ 0.93§ 0. 85§ 
| 0.21 
0.91§ 
W-6 3.5 0.02 0.02 | 0.00 
0.108 0.64 | 0.25 
0.21 
0.89 | 
1-3-A | 41 0.45§ 0.028 0.00§ 
| 0.89 | 062 | 0.2 
127-Dev-22 : 45 | 0.18 | 0.02 0.00 
| | ().25 
Pantethine | 100 | 0.88 | 0.63 (0). 26 


* We are indebted to Dr. F. M. Strong and Dr. F. Lipmann for the preparations 
of CoA and information concerning their purity. 

+t Based on the assumption (8) that pure CoA contains 28.9 per cent of pantothenic 
acid or 413 CoA units per mg. 

t As in Table I. 

§ These growth zones were barely perceptible on the agar plate; the corresponding 
compounds are therefore present in very small amounts. 


Occurrence of Pantethine and Its Mixed Disulfides As Degradation Products 
of Coenzyme A—Four different samples of CoA, ranging in purity from 7 
to 187 units per mg., were treated with intestinal phosphatase (7, 11). 
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Chromatography of the digestion mixtures showed that two to four com- 
pounds with LBF activity were liberated from each sample of CoA (Table 
IV). A zone that migrated identically with pantethine was present in 
three of the four digests; only the least pure preparation, Sample Y-1, 
did not contain this zone. This zone was one of only two components from 
the digest of the purest preparation, Sample 127-Dev-22 (see also Table 
I), and was the only major component of the digest of Sample 1-3-A. Dr. 
Lipmann informs us that a reduction and precipitation step was included 
in the procedure by which this latter preparation was obtained (cf. (8)) to 
remove cross-linked sulfur compounds, and that it contained only slightly 
more than | sulfur atom per pantothenic acid residue. 

These data are in accord with the view that CoA also occurs naturally 
as mixed disulfides and that the number of LBF-active zones obtained 
upon treatment with intestinal phosphatase reflects the number of dif- 
ferent mixed disulfides present in the original CoA preparation. All of 
these various disulfides should not fractionate in the same way, and hence 
the purer CoA preparations should, and do, give rise to fewer forms of 
LBF than do less pure preparations. These results, together with those 
of Tables I and II, indicate that pantetheine is the fragment of reduced 
CoA responsible for the LBF activity of its digests with intestinal phos- 
phatase, and that the multiple active components released from some 
samples of CoA are simply mixed disulfides of pantetheine. It would 
then appear that, if pantetheine in CoA is linked to any grouping other 
than phosphate, this grouping is also removed by the action of intestinal 
phosphatase. Alternatively, and much less likely, such a grouping, if 
present, does not change the chromatographic behavior of pantethine or 
any of its mixed disulfides in any of the solvent systems examined here. 


DISCUSSION 


Based upon their pantothenic acid content, LBF-1A and pantethine 
showed identical activities in promoting growth of twenty-two different 
microorganisms (6). In unpublished experiments, the mixed disulfides 
of pantetheine with 6-mercaptoethylamine and with thiomalic acid have 
been prepared in crude form and separated by virtue of their basic or 
acidic properties from unchanged pantethine. ‘These products also show 
the same activity as pantethine for all six of the organisms tested. These 
results probably mean that the disulfides, PSSR, are cleaved to pantetheine, 
PSH, and an inert mercaptan, RSH, prior to utilization (Fig. 1). On this 
basis, their equal activities for a variety of test organisms are readily under- 
standable, since activity results, in each instance, from pantetheine lib- 
erated by reductive cleavage and is unaffected by the inert mercaptan 
also formed. However, with certain organisms, or under modified assay 
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conditions, it is quite possible that specific mixed disulfides with activity 
for some organisms either higher or lower than that of pantethine might 
be found. Such differences could, in principle, result from variable rates 
of penetration into the cell or from variable rates of reduction by the cell, 
As an extreme example, mixed disulfides should occur between pantetheine 
and the -—-SH groups of protein. It would be unexpected for such mixed 
disulfides to possess activity for non-proteolytic organisms (such as lactic 
acid bacteria) equal to that shown by equimolar amounts of pantethine. 


OH CH, OH 
CHy-¢—C —C—NHCH CH, NHCH, CH,-S -), 


DISULFIDE, PANTE THINE 
-2H] |+2H 
— NH CH, CH, C —NHCH 9 CH, SH 
PANTETHEINE (BIOLOGICALLY ACTIVE) 
RSH RSH 
INERT MERCAPTAN INERT MERCAPTAN 
-2H +2H 
OH CHs 0 
C 
MIXED DISULFIDE 


Fic. 1. The relationship of pantethine to pantetheine and mixed disulfides with 
LBF activity. Growth-promoting activity results in each case from cleavage to 
pantetheine, and hence is the same on the basis of pantothenic acid content for 
pantethine and for various mixed disulfides. 


SUMMARY 


In accordance with previous investigations, several chromatographically 
distinct forms of the Lactobacillus bulgaricus factor (LBF) occur in culture 
filtrates of microorganisms and in the products formed from coenzyme A 
concentrates by intestinal phosphatase. Three of four such digests of 
coenzyme A contained a substance chromatographically indistinguishable 
from pantethine in five different solvent systems. One of the zones present 
in preparations from the culture filtrate of Bacillus megatherium also ap- 
peared identical with pantethine on this basis. 

Treatment with intestinal phosphatase of highly purified coenzyme A 
preparations yielded fewer compounds with LBF activity than did similar 
treatment of crude preparations. A preparation of coenzyme A that con- 
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tained only 1 sulfur atom per pantothenic acid residue yielded only pan- 
tethine on digestion. No evidence for the presence of an unidentified 
fragment in the LBF-active component of coenzyme A was obtained. 

Pantethine and each of the different forms of LBF tested could be trans- 
formed into the same active compound, as judged by chromatographic 
behavior in three different solvents, by treatment with an excess of a given 
—SH compound, followed by reoxidation with iodine. The new com- 
pound thus formed is considered to be a mixed disulfide formed from 
pantetheine by oxidative cross-linking with the added thiol. The forma- 
tion of the same mixed disulfide in this manner from each of the forms of 
LBF tested, including those formed by digestion of coenzyme A, indicates 
that these various forms of LBF are mixed disulfides of pantetheine with 
various unidentified thiols. 

The mixed disulfide formed from pantethine and ethyl mercaptan be- 
haved on paper chromatograms much like the form of LBF previously iso- 
lated from culture filtrates of Ashbya gossypii (5). The significance of this 
and related findings is discussed briefly. 
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Cell-free extracts prepared from Lactobacillus pentosus (2) contain nu- 
cleosidases that split adenosine, cytidine, and xanthosine in addition to the 
nucleosides cleaved by the enzymes from animal tissues, 7.e., inosine, uri- 
dine, and guanosine. In a preliminary note (3), it was reported that the 
rate of cleavage of uridine and cytidine by these preparations was greater 
in phosphate or arsenate buffers than in tris(hydroxymethy])aminomethane 
buffer. This suggested that the action of the nucleosidases was phosphoro- 
lytic. Present evidence indicates, however, that these enzymes catalyze a 
hydrolysis of the nucleosides. The differences in the rate of cleavage in 
the various buffers are the result of differences in the stability of the 
enzymes in the presence of monovalent and divalent anions. These ex- 
periments are described in the present communication. 


EXPERIMENTAL 


Materials—Uridine, cytidine, adenosine, and inosine were commercial 
products. Ribose-1-phosphate was prepared by the phosphorolysis of in- 
osine (4) and the ester isolated as the barium salt by the procedure outlined 
by Friedkin (5) for desoxyribose-1l-phosphate. The product was converted 
to the sodium salt by passage through a column of IR-100 resin in the 
Na+ form. The preparation was biologically active in that inosine was 
formed when the ester and hypoxanthine were incubated with liver nu- 
cleoside phosphorylase (5). Ribose-5-phosphate was obtained by acid hy- 
drolysis of adenosinetriphosphate (6). Uric acid riboside was generously 
furnished by Dr. C. E. Carter of the Department of Medicine, Western 
Reserve University. Xanthine oxidase was obtained from the Worthing- 
ton Biochemical Laboratory. 

Cells were grown with glucose as the source of carbohydrate and har- 
vested as described in the previous communication (2). Cell-free extracts 
were prepared by grinding with glass (2) or alumina (7), or by sonic disin- 


* A preliminary report of this work was made at the annual meeting of the Fed- 
eration of American Societies for Experimental Biology at New York, April, 1952 (1). 

t Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland. 
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tegration (7). 1 ml. of the extracts prepared with glass or alumina was 
equivalent to 200 mg. of the original wet cell paste; 1 ml. of the sonically 
prepared extracts represented 500 mg. of wet cells. To obtain extracts 
low in phosphate, samples of cell paste from the grinding with alumina 
were extracted with water rather than with 0.05 m phosphate buffer, 
pH 7.0. These extracts contained about 1 y of inorganic phosphorus 
per ml. 

The tris(hydroxymethyl)aminomethane (TRIS) buffers were prepared 
by adjusting solutions of the free base (purified as described by Wang 
et al. (8)) to the desired pH with HCl. 

Methods—Cleavage of the nucleosides was followed in several ways. 
In one procedure aliquot samples were taken from the reaction mixtures 
at the indicated times and deproteinized by the addition of an equal 
volume of 4 per cent perchloric acid or of solutions of Ba(OH)s: and of 
ZnSO, (cf. (9)). The perchloric acid filtrates were neutralized before anal- 
ysis. Reducing sugar was determined on the filtrates according to Nelson 
(10), uracil by its high extinction coefficient at 300 mu in alkaline solution 
in contrast to that of uridine (11), and hypoxanthine by the use of xanthine 
oxidase (12). The cleavage of uridine could be followed spectrophoto- 
metrically because of the difference in the absorption of uridine and uracil 
at 270 my at pH 7.0 (€uridine = 8400; €uracil = 5400; Aéuridine —> uracil = 
—3000). The spectrophotometric procedure of Kalckar (12) was also used 
to follow the reaction with inosine. All absorption measurements were 
carried out with the Beckman spectrophotometer, model DU. 


Results 


Cleavage of Nucleosides in Various Buffers—The addition of arsenate 
or phosphate increased about 8-fold the rate of cleavage of uridine by the 
nucleoside preparation (Fig. 1). Similar results have been obtained with 
cytidine as the substrate. The slow rate observed with the TRIS buffer 
did not appear to be the result of an inhibition of the enzyme, since the rate 
of cleavage in a mixture of TRIS and arsenate buffers equaled that in 
arsenate alone. The same acceleration of the cleavage in the presence of 
phosphate or arsenate was noted if the formation of free uracil or of re- 
ducing sugar was the criterion of uridine cleavage. This is shown in 
Table I. The perchloric acid filtrates were prepared in these experiments 
in a manner that would hydrolyze any ribose-1-phosphate which might 
be present. This ester, if present, would therefore be estimated as reduc- 
ing sugar. Control experiments showed that the nucleosides were not hy- 
drolyzed by the perchloric acid. 

In contrast to the findings with uridine and cytidine, the cleavage of 
adenosine and inosine and of uric acid riboside was actually slower in the 
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presence of phosphate or arsenate than with TRIS buffer. Determination 
of hypoxanthine formed during inosine cleavage gave results in general 
agreement with those obtained by estimation of reducing sugar. 

In view of the apparent complexity of the effects of phosphate and ar- 
senate, an intensive effort was made to demonstrate accumulation of phos- 
phate esters during cleavage of the nucleosides in phosphate buffer. These 
results were negative and will be described only briefly. Samples of ade- 
nosine, inosine, and uridine were incubated with extracts prepared by 
grinding with glass or alumina or by sonic disintegration. At intervals 


1.500 


or 
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MINUTES 

Fic. 1. Cleavage of uridine by L. pentosus nucleosidase in various buffers. Each 
cuvette contained 0.20 um of uridine, 0.10 ml. of the alumina-ground water extract, 
and the buffer (0.033 m final concentration, pH 7.5) in a total volume of 3.0ml. The 
reference cuvette contained the appropriate buffers. The reaction was initiated by 
addition of the enzyme preparation at zero time. No significant changes were ob- 
served in the absence of uridine. The E27) value equivalent to complete cleavage 
of the uridine (AE2z9 = —0.200) is indicated by A. @, TRIS; O, phosphate; X, 
arsenate; A, TRIS and arsenate. 


during the course of the reaction aliquot samples were deproteinized by 
both the perchloric acid and the Ba(OH).-ZnSO, methods. The perchloric 
acid filtrates would contain ribose and any ribose phosphates, whereas the 
Ba-Zn filtrates would contain only the free sugar. Analysis of these fil- 
trates for pentose and reducing sugar failed to indicate the formation of 
phosphate esters. Thus, free pentose was eventually formed in essentially 
quantitative yield. With incubation periods at which some nucleoside 
remained, the quantities of reducing sugar found in Ba-Zn filtrates were 
approximately the same as those in the perchloric acid filtrates. Incuba- 
tion of the perchloric acid filtrates at room temperature for 20 minutes be- 
fore neutralization did not significantly increase the reducing sugar values. 
NaF (0.1 m) did not affect the rate of formation of free sugar from uridine 
or adenosine. 
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Ribose-5-phosphate is degraded only slowly in extracts of cells grown 
on glucose, but is metabolized rapidly in extracts of cells grown on xylose 
(7). Free ribose is not degraded under these conditions. Inosine and 
uridine were therefore incubated with extracts prepared by sonic disin- 
tegration of cells grown on xylose. If a decrease in the total pentose of 


TaBLeE I 
Cleavage of Nucleosides in Various Buffers 

Keach incubation mixture contained the cell-free extract, substrate, and buffer in 
a total volume of 5.0 ml.; incubated at 37°. TRIS, sodium arsenate, and sodium 
potassium phosphate buffers were 0.05 mM, pH 7.5. In the experiments with uric acid 
riboside 1.0 ml. of a phosphate buffer extract prepared by sonic disintegration of 
cells grown on xylose was used. An extract prepared by alumina grinding and 
extraction of the alumina-cell paste with water was employed in the experiments 
with uridine (0.25 ml. of extract) and with purine ribosides (0.8 ml. of extract). 
All analyses were performed on perchloric acid filtrates prepared at the indicated 
times. Aliquot samples were neutralized immediately and used for the estimation 
of the free base. For reducing sugar determinations the filtrates were incubated 
20 minutes at room temperature before neutralization. All values have been cor- 
rected for the changes observed in control incubations without added substrate. 


Reducing sugar formed © Free base formed 
20 min. 60 min. | 300 min. | 20 min. | 60 min. 300 min 
uM uM eM uM | uM uM 
Uridine | 8 | TRIS | 0.9 | 3.0 | | 1.4 | 2.5 
83 | PO | 40 | 68 | 3.9 | 6.4 
| 8 | AsO. | 4.1 | 7.5 | 4.8 = 6.6 
Adenosine 10 TRIS 
| PO, | 4.6 
10 AsO, = 
Inosine | 10 | TRIS | 2.9 | 9.6 — | 9.8 
o | FO, | 1.4 | 5.9 | «6.9 
10 1.2 §.7 | 6.5 
Urie acid riboside 8.8 TRIS | 7.5 | 8.6 | | 
8.8 PO, $3.5 | 4.3 | | 
«8.8 1.8 | 


AsO, 
the mixture occurred, it would indicate that a phosphate ester had been 
formed and degraded. No decrease was observed with either nucleoside, 
and again the free sugar was formed in quantitative yield.! 

It was clear then that no accumulation of pentose phosphates occurred 
during cleavage of the nucleosides in phosphate buffer. The possibility 
remained, however, that a highly active phosphatase was present which 
hydrolyzed the esters as soon as they were formed. To test this hypothesis, 


1 Lampen, J. O., and Peterjohn, H. R., unpublished results. 
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samples of the ribose phosphates were incubated with the extract (Table 
II). No significant amounts of free sugar were formed from either ribose- 
1-phosphate or ribose-5-phosphate. Also the formation of free sugar from 
uridine was not prevented by the addition of ribose-1-phosphate. Analysis 
of perchloric acid filtrates prepared simultaneously showed that pentose 
degradation did not occur in any instance. These results demonstrate 
that the extract did not contain a phosphatase active on the ribose phos- 
phates. It is of interest that the enzyme preparation also did not catalyze 
the arsenolysis of ribose-1-phosphate.2, One may conclude, therefore, that 
free ribose-1-phosphate is not an intermediate in the cleavage of the nucleo- 
sides by this preparation. 


II 
Absence of Free Pentose Formation from Ribose Phosphates 
Each tube contained 0.25 ml. of a phosphate buffer extract prepared by sonic 
disintegration and the indicated additions in a total volume of 3.6 ml. of 0.07 m 
phosphate buffer, pH 7.0. Incubated at 37°. 


Free sugar* 

Pentose phosphate | Other additions 
| 0.5 hr. | 1 hr. 

| uM | uM 

Ribose-1-PO,(3.3 0.4 0.4 
4.3 uM uridine 1.6 3.0 

Ribose-1-PO, | | 1.4 2.7 
Ribose-5-PO,(3.0 um) | 0.0 0.0 
Ribose-1-PO, 250 “ arsenatet | 0.15 


* Reducing sugar in Ba-Zn filtrates prepared at indicated times. 
+ As acid-labile phosphorus (13). 
t Sodium arsenate buffer, pH 7.0. No phosphate buffer added. 
Stability of Pyrimidine Nucleosidase in Presence of Various Salts—Since 
no evidence could be obtained that the nucleosidase preparation from L. 
pentosus catalyzed an arsenolysis or phosphorolysis of the nucleosides, a 
detailed examination of the effect of arsenate and phosphate on uridine 
cleavage (Fig. 1) was begun. The reaction was followed by measuring the 
decrease in absorption at 270 my (see ‘‘Methods’’). The apparent initial 
velocity was obtained by inspection of a graph of the observed Koz values. 
Table III summarizes the pertinent data. 

The effect of phosphate or arsenate on uridine cleavage was duplicated 
by addition of the divalent sulfate or succinate ions. Only weak activity 
was observed in the presence of KNO; or KCl. When the enzyme was 


* Mr. C. E. Hoffmann has observed in this laboratory that the arsenolysis of ribose- 
1-phosphate is catalyzed by extracts of Escherichia coli B. Addition of extracts of 
L. pentosus does not prevent this arsenolysis. 
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incubated for 1 minute with the TRIS buffer and uridine, there was no 
increase in rate on the subsequent addition of arsenate. Thus the enzyme 
had apparently become inactive during the 1 minute incubation. A similar 
slow rate of cleavage and lack of subsequent activation by arsenate were 
observed in experiments without added buffer. 

One may conclude from these data that the observed differences in the 


TaBLeE III 
Effect of Salts on Cleavage of Uridine 


Each cuvette contained 0.20 um of uridine, 0.1 ml. of an extract prepared by grind- 
ing with alumina and extraction with water, and the indicated salts in a total volume 
of 3.0 ml. All salts were added to a final concentration of 0.033 m. The TRIS, 
sodium arsenate, and potassium phosphate buffers were pH 7.5; the succinate (Na*) 
was pH 7.0. Unless otherwise indicated, all substances were present at zero time 
and the reaction initiated by adding the extract. 


TRIS Arsenate | Other additions bee” Remarks 
| AEs per min 
+ | —0.003 to Addition of arsenate at 1 min. did 
| —0.006 not increase rate 
ee. . —0.045 Similar rate obtained with 0.01 x 
| arsenate 
| Phosphate —0.043 
+ | + —0.036 
+ Na.SO, —0.036 
KNO, —0.004 
KCl ~0.004 
+ | Succinate —0.039 
No additions | —0.006 Addition of arsenate at 1 min. did 
(pH 7.0) not increase rate 
+ —0.036 Uridine added at 10 min. 
—0.003 - and arsenate added at 10 
min. 
+ —0.038 Uridine added at 10 min. 


rate of uridine cleavage are not the result of an inhibition by TRIS buffer, 
but rather that a divalent anion is essential for stability of the enzyme. 
Thus, as indicated in Table ITI, the activity of the enzyme was retained if 
a 10 minute incubation in arsenate buffer preceded addition of the sub- 
strate. Almost complete loss of activity resulted if only TRIS buffer 
was present during a similar period prior to addition of uridine and ar- 
senate, but good stabilization was obtained if both arsenate and TRIS 
were present. Uridine, in the low concentration employed in these ex- 
periments, did not maintain the stability of the enzyme. 
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Stability of Purine Nucleosidase in Various Buffers—Investigation of the 
stability of purine nucleosidase revealed a pattern of ion effects strikingly 
different from that seen with the pyrimidine-cleaving system. ‘These ef- 
fects are shown in Fig. 2. The enzyme preparation was incubated with 
inosine in TRIS, arsenate, and phosphate buffers and the hypoxanthine 
that formed was oxidized to uric acid by xanthine oxidase. Under these 
conditions the increase in E293 is a measure of inosine cleavage. The initial 


1.5 
A B 
- 
TRIS 
- AsOs4 
TRIS 
AsO« 
05 - 
PO, 
03- 


Fic. 2. Action of L. pentosus nucleosidase on inosine in various buffers. Hy- 
poxanthine liberation is indicated by uric acid formation in the presence of an 
excess of xanthine oxidase (12). Each cuvette contained 1.2 um of inosine, 0.05 ml. 
of the alumina-ground water extract, xanthine oxidase, and the indicated buffer 
(pH 8.0, 0.033 m final concentration) in a total volume of 3.0 ml. In A the reactions 
were initiated by the addition of the nucleosidase preparation at zero time. In B 
all constituents except the inosine were added at zero time and incubated at room 
temperature. Inosine was added at 15 minutes. 


rates of cleavage were similar in the three buffers (Fig. 2, A), but after 
about 15 minutes the reaction ceased in phosphate or arsenate buffers, 
whereas it continued at a rapid rate in TRIS buffer. The presence of 
TRIS delayed only slightly the cessation of cleavage in arsenate. Control 
experiments showed that the rate of hypoxanthine oxidation by the xan- 
thine oxidase preparation was similar in the three buffers. If hypoxanthine 
were added to the incubation mixture containing phosphate after cleavage 
of inosine had ceased, oxidation of the added hypoxanthine occurred at a 
normal rate. Experiments were also carried out in which the xanthine 
oxidase preparation was not added until the extract, inosine, and buffer 
had been incubated together for 20 minutes; that is, until the reaction 
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should have stopped in the system with phosphate. The AFo93 values 
observed again showed that hypoxanthine formation in TRIS buffer was 
approximately double that obtained in phosphate. 

After the reaction had ceased in phosphate buffer, the addition of TRIS, 
of more phosphate, or of xanthine oxidase did not cause a resumption of 
cleavage. Addition of the nucleosidase preparation produced a repetition 
of the original sequence of events. 

In the experiments shown in Fig. 2, B the inosine was not added until 
the mixture of other constituents had been incubated for 15 minutes. The 
activity of the nucleosidase was unimpaired after incubation in TRIS 
buffer, but was sharply reduced in the cuvette containing phosphate. It 
is concluded, therefore, that the effects of the various ions on inosine cleay- 
age are the result of the effects on the stability of the enzyme. In con- 
trast to the pyrimidine nucleosidase, however, the purine nucleosidase is 
rapidly inactivated in the presence of divalent ions and is stable in TRIS 
buffer. 

The inactivation of purine nucleosidase in the presence of phosphate 
ions was not prevented by the addition of 0.07 or 1.7 mg. per ml. of bovine 
serum albumin, of 0.002 m or 0.006 M cysteine, of 0.006 m Versene (ethy)- 
enediaminetetraacetic acid) at pH 7.0, of 0.003 m sodium pyrophosphate 
buffer, pH 8.0, or of a boiled extract of an active nucleosidase preparation. 
A purine nucleoside phosphorylase preparation made from rabbit liver ac- 
cording to the procedure described for rat liver by Kalckar (14) was stable 
under identical conditions. If the enzymes from liver and from L. pen- 
tosus were incubated together in phosphate buffer for 20 minutes, enzy- 
matic activity remained equivalent to that originally added as the enzyme 
from liver. 


DISCUSSION 


Nucleosidases from animal tissues (4, 15, 9) and from certain bacteria 
(16, 17) have been shown to catalyze a phosphorolysis of the nucleosides, 
yielding as products the nitrogenous base (purine or pyrimidine) and the 
1-phosphate ester of the sugar. Evidence is now accumulating to indicate 
that a hydrolytic cleavage of the glycosidic bond can also occur. Carter 
(18) found a hydrolytic nucleosidase in yeast plasmolysates. Since the 
enzyme cleaved only uridine, he suggested that this may represent an 
isolated or anomalous pathway of riboside metabolism. However, Heppel 
and Hilmoe (19) have recently demonstrated the presence of a purine 
nucleoside hydrolase (as well as a phosphorylase) in yeast, and the present 
work indicates a hydrolytic cleavage as at least the main pathway of 
metabolism of both purine and pyrimidine ribosides in L. pentosus. Thus 
a broader distribution of such enzymes appears probable. 
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No evidence could be obtained for the occurrence of nucleoside phos- 
phorylases in any of the types of extracts studied here. Also numerous 
attempts to demonstrate transglycosidations of the type that MacNutt 
(20) or Hoffmann (21) have observed with desoxyribosides gave negative 
results. It should be mentioned that the formation of reducing sugar 
from uridine was inhibited by the addition of cytosine or ribose,! but not 
by hypoxanthine (Table IV). In the experiment with cytosine, uridine 
cleavage was reduced 50 to 70 per cent; yet the only products observed 


TABLE IV 
Inhibition by Cytosine of Uridine Cleavage 

Each incubation mixture contained 0.25 ml. of an extract prepared by alumina 
grinding and extraction with phosphate buffer, and substrates as indicated in 5.0 
ml. of 0.05 m phosphate buffer, pH 7.5. Aliquot samples were removed at zero time 
and after 60 minutes incubation, heated 10 minutes at 100° to inactivate the enzyme, 
and centrifuged. The supernatant fluids were used for estimation of reducing sugar 
and of uracil (Tubes I and II). With Tube III aliquot samples were chromato- 
graphed with butanol-10 per cent urea (22). Ribose was located by spraying the 
paper with aniline hydrogen phthalate (23) and estimated by comparison with 
spots containing known quantities of ribose. The other compounds were located 
with a Mineralight lamp, and eluted from the paper with water. They were identi- 
fied by location and absorption spectra and estimated with the constants of Ploeser 
and Loring (24). 


uM uM 

Reducing sugar 6.0 5.5 1.8 
Uracil 5.5 5.3 2.6 
Ribose 2 Ca. 
Cytidine <1 
Residual uridine 7.4 

cytosine 9.0 


were uracil and ribose. Cytidine was not formed in detectable amounts. 
Thus the action of cytosine in this system appears to represent an actual 
inhibition of uridine cleavage, rather than an alteration in the mechanism 
of the reaction (7.e., a change from a hydrolysis to a transglycosidation). 

The mechanism of the effects of the divalent ions on the stability of the 
nucleosidases cannot be ascertained from the available data. The re- 
sults are reminiscent, however, of several previously reported phenomena. 
Thus, Carter and Greenstein (25) observed an acceleration of the desami- 
dation of glutamine when phosphate, arsenate, or sulfate was added to a 
rat liver digest, and Greenstein. and Leuthardt (26) reported that the 
hydrolysis of benzoylargininamide by these digests was inhibited by phos- 
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phate or arsenate. These workers did not report data on the stability of 
the enzymes in the presence and absence of these ions. The work of 
Kearney and Singer (27) has shown that the L-amino acid oxidase of cer- 
tain snake venoms undergoes reversible inactivation during incubation in 
water or dilute phosphate (0.02 m or less) or arsenate buffers at tempera- 
tures at 25° and above. This inactivation can be prevented or reversed at 
pH values below 7 by addition of a variety of monovalent anions. High 
concentrations of phosphate (0.1 m) enhanced the extent of inactivation, 
Sufficient data are not available at present to permit comparison of our 
system with that studied by these workers. 

The instability of the pyrimidine nucleosidase in the absence of divalent 
ions is probably the basis of the difficulties previously encountered in 
purification of this enzyme (2). The activity of the enzyme is retained 
when the extract is dialyzed against 0.02 m arsenate buffer, pH 7.5, 
whereas complete inactivation occurs during the dialysis against 0.02 m 
bicarbonate, pH 7.5. Thus purification appears feasible provided the 
enzyme is maintained in the presence of divalent ions. 

The cleavage of uric acid riboside by these preparations is to our know!- 
edge the first demonstrated action of a biological system on this substance. 
Uric acid has been identified by paper chromatography (28) as a product 
of the reaction. The sugar formed in the cleavage appears quantitatively 
in Ba-Zn filtrates of the reaction mixtures and is probably free ribose. 
Thus a hydrolytic cleavage is indicated here as with the other nucleosides. 


The authors wish to acknowledge the valuable technical assistance of 
Miss Barbara J. Danielson. 


SUMMARY 


The rate of cleavage of uridine and cytidine by the nucleosidases of 
Lactobacillus pentosus is greater in the presence of divalent anions (HPO¢, 
HAsO,-, sulfate, or succinate) than in tris(hydroxymethyl)aminomethane- 
HCl buffer. The cleavage of purine nucleosides and of uric acid riboside 
is decreased by the addition of phosphate or arsenate. 

Only free ribose and the nitrogenous base could be identified as products 
of the cleavage of either purine or pyrimidine nucleosides. Free pentose 
was not formed from ribose-1-phosphate or from ribose-5-phosphate by 
the enzyme preparation nor did the preparation catalyze the arsenolysis 
of ribose-1-phosphate. 

The pyrimidine nucleosidase is stable only in the presence of divalent 
anions, whereas the purine nucleosidase is stable in tris(hydroxymethy))- 


3 R,(5 per cent NasHPO,-isoamy!] alcohol) = 0.37. 
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aminomethane-HCl buffer but rapidly becomes inactive in phosphate or 
arsenate buffers. This differential stability of the enzymes is probably 
the basis of the apparent stimulatory or inhibitory effects of divalent 


anions. 
It is concluded that the nucleosidases of L. pentosus catalyze the hy- 
drolysis of the nucleosides. 
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The ability of many microorganisms to utilize steroid compounds has 
been established by numerous investigators (1-10). Some soil molds and 
bacteria have been reported to be able to oxidize nuclear hydroxyl groups, 
while others were able to metabolize the side chain of the steroid molecule 
at Ciz. Recently, Samuels et al. (11-13) have given us some insight into 
the intermediary metabolism of sex hormones, particularly testosterone, 
by liver and kidney tissue of the rabbit and other mammals. The im- 
plication of diphosphopyridine nucleotide (DPN) in steroid oxidation fits 
in well with our present conceptual schemes of enzyme cofactor systems 
typical of carbohydrate and protein metabolism. 

In the case of microorganisms no such data have thus far been reported. 
Despite the fact that they can cause the rapid disappearance of steroids 
from soil (6), indicating that one organism or a group of different organisms 
has the ability to degrade the entire nucleus, little direct evidence of this 
phenomenon has appeared in the literature. It is the purpose of the 
present communication to report on a species of Pseudomonas, isolated from 
pond mud (14), which can utilize testosterone as the sole carbon source for 
growth. In addition, observations of steroid metabolism by resting cells 
of Pseudomonas will be presented. 


Methods 


Isolation of Organism—lIsolation of the organism was carried out on 
the following synthetic medium: 0.2 per cent NH,«NQO;, 0.02. per 
cent MgSO,-7H.0, 0.1 per cent KH2,PO,, and 200 mg. of testosterone. 


* A portion of this work was done at the University of Massachusetts, Amherst, 
Massachusetts, while Mr. Santer was an Industrial Fellow in Chemistry on a grant 
from the Schering Corporation, Bloomfield, New Jersey. 

t Present address, Section of Microbiological Chemistry, Department of Bacteri- 
ology, Army Medical Service Graduate School, Walter Reed Medical Center, Wash- 
ington, D. C. 

{ Present address, Department of Biochemistry, College of Medicine, State Uni- 
versity of New York Medical Center at New York, Brooklyn. 
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The testosterone was dissolved in 1 cc. of 70 per cent ethyl alcohol and 
added aseptically to the autoclaved salt solution. The pH of the medium 
was adjusted to 6.5 to 6.9. Various soil samples constituted the source 
materials for the bacteria. 1:100 dilutions of the various soils were pre- 
pared and a loopful of each dilution inoculated into the above medium, 
Those organisms which grew were isolated in pure culture on nutrient agar. 
They were then inoculated individually into this medium to test for their 
ability to grow in pure culture with testosterone as the sole carbon source. 

Growth experiments were carried out in the above medium to which | 
ec. of an 18 hour culture of the organism was added. Carbon dioxide 
evolution was determined by passing CO,--free air through the system and 
absorbing the carbon dioxide produced in the culture flask in ascarite. 
At the end of the incubation time, following the removal and absorption 
of the carbon dioxide, the reaction mixture was made alkaline and the 
residual testosterone was extracted with ether five times. Quantitative 
determinations of the steroid were carried out in the Beckman spectro- 
photometer at 241 my and also colorimetrically by the method of Koenig 
et al. (15). 

Manometric Experiments—Testosterone solution for manometric experi- 
ments was prepared as follows: Testosterone was weighed out, dissolved 
in 0.2 cc. of 70 per cent ethanol, and added to 50 cc. of boiled, distilled 
water. Appropriate amounts of this solution were added to the Warburg 
vessels. The exact amounts are given in the protocols of each experiment. 
This made the testosterone soluble for long enough periods of time so 
that, in adding this solution to the Warburg vessels, accurate amounts of 
testosterone were obtained. Fresh solutions were prepared for each ex- 
periment. 

Manometric experiments were carried out with resting cell suspensions 
of acetate- and testosterone-grown cells. Large amounts of cells were 
grown in a medium of the following per cent composition: 2 sodium ace- 
tate, 0.06 yeast extract, and 0.1 KH»PQOx,, at an initial pH of 6.5 to 6.9. 
Cells were grown in 20 liter flasks containing 16 liters of medium, with 
constant aeration, at 30°. The bacteria were centrifuged in a Sharples 
centrifuge, washed twice with distilled water, and usually aerated for 2 
hours to reduce endogenous activity. 10 per cent suspensions of these 
cells were prepared and used in all manometric experiments. Testosterone- 
grown cells were cultured in 2 liter flasks containing the same basal 
medium as acetate-grown cells, except that 0.03 per cent of testosterone 
was used in place of the acetic acid. 

Residual testosterone was determined in the following manner. The 
reaction mixture was deproteinized with 10 cc. of acetone. The super- 
natant solution was removed and the residue washed again with 3 cc. of 
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acetone. ‘The acetone was then removed under reduced pressure, and the 
residue Was taken up in absolute ethanol. Residual testosterone was de- 
termined colorimetrically by the method of Koenig et al. (15), as well as 
spectrophotometrically. 

Cell-Free Extracts—Cell-free extracts were prepared according to the 
procedure of Kalnitsky et al. (16). Where indicated, the extract was di- 
alyzed against ice-cold water for 3 hours with constant stirring. The 
standard Thunberg technique was used to demonstrate the reduction of 
methylene blue. 


TABLE I 
Growth of Pseudomonas No.7 on Various Steroids As Sole Carbon Source 


— 


Run No. Substrate | Concentration | evolved 
| days uM uM 
1 | Testosterone 35.0 3 531 12.1 
| “ 35.0 3 543 15.9 
3 3 35.0 5 591 | 12.8 
4 " 35.0 5 595 
5 Progesterone 31.8 4 548 
6 Cholesterol 26.0 4 495 


Total volume 50 cc. Each flask contained 0.2 per cent NH,NQOs;, 0.02 per cent 
MgSO,-7H:0, 0.1 per cent KH2PQ,, and either 35 um of testosterone, 31.8 um of proges- 
terone, or 26 um of cholesterol. Each steroid was added aseptically, in 0.2 cc. of 
ethyl alcohol, to the salt solution. The inoculation was with 1.0 cc. of a 24 hour 
culture of Pseudomonas grown on the same medium. Temperature 30°. 


RESULTS AND DISCUSSION 


Identification of Organism—From a number of biochemical reactions 
and cultural characteristics, the isolated organism was identified as a mem- 
ber of the genus Pseudomonas. ‘The organism is a very small, gram-nega- 
tive rod, with a yellowish green pigment, which grows well in nutrient 
media. The organism grows well with testosterone as the sole carbon 
source. It will also grow on the following steroids: cholesterol, A‘-an- 
drostene-3 ,17-dione, progesterone, and cholestenone. The organism has 
not been further classified as to species and will, therefore, be referred 
to as Pseudomonas No. 7. 

Growth Experiments—From calculations based on steroid disappearance, 
it was found that the data for oxygen uptake and CQ, evolution were 
always unusually high. This was observed in growth as well as in mano- 
metric experiments. For example, from the data exhibited in Table I 
(which includes CO, production only), it can be seen that 35 ym of testos- 
terone were available to the cells. On a theoretical basis, a maximum of 
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665 um of carbon dioxide could have been liberated if all of the testosterone 
were converted to COQ, and water, according to the following equation: 


+ 250. 19CO. 14H.O 


In Run 1 there were 531 ym of carbon dioxide produced, while 12.1 yxy 
of testosterone remained. 22.9 uM of testosterone disappeared. If all 
of the testosterone were converted to COs and water, no more than 435 
uM of CO: could have been liberated. Actually 531 um of the gas were 
produced, an approximate excess of ~20 per cent. Likewise, if the re- 
maining testosterone was also converted to COs, an additional theoretical 
yield of ~228 um of gas would have resulted, making a total of 759 ys 
of carbon dioxide liberated (531 + 228) from 35 uM of testosterone. This 


TABLeE II 
Manometric Data on Various Steroids 


Oxygen uptake 


| Experimental Endogenous 
pl. pl. 
A‘-Androstene-3,17-dione................. | 655 | 258 


Total volume of reactants 2.3 cc. Each flask contained 0.5 cc. of phosphate 
buffer, pH 7 (0.5 m), 1.0 ec. of a 10 per cent suspension of acetate-grown Pseudo 
monas, and 0.5 ec. of steroid solution containing the amounts indicated in the table. 
0.3 ec. of NaOH in the center well. Temperature 30°. Time of incubation 1 hour. 
Concentration of steroid 1 um. 


figure is greatly in excess of the theoretical yield of 665 um. These caleu- 
lations do not account for assimilatory processes which undoubtedly were 
going on, because vigorous growth took place. Therefore, it is likely 
that the liberated CO, observed represents only part of the metabolized 
substrate, making the difference between CQO, liberated and testosterone 
remaining much greater. It is to be noted that essentially similar results 
were obtained with progesterone and cholesterol. In order to minimize 
this difficulty, manometric experiments were subsequently performed in 
which growth did not take place. 

Manometric Data—Resting cells of Pseudomonas No. 7 metabolize a 
number of steroids, as can be seen from the data in Table II. These cells 
were grown on acetate as the sole carbon source. Detailed stoichiometric 
experiments were performed with testosterone as substrate. It is evi 
dent from the data presented in Table III (see, for example, Experiment 
1) that, with testosterone as substrate, there is an uptake of oxygen and 
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evolution of COs, with an R. Q. of 0.51. In this experiment 1.14 yum of 
testosterone disappeared. The theoretical R. Q., if testosterone were 
metabolized completely to COz and water, would be 0.76. It is, therefore, 
likely that some of the steroid carbon was assimilated. This becomes 
particularly apparent on the addition of dinitrophenol, which inhibits 
oxidative assimilation (17). In the presence of this compound, the R. Q. 
is raised to approximately 0.63 from 0.40 without the inhibitor (see Table 
IV). Further, it is of significance to point out (Table III) that there is 
consistently more oxygen uptake and CO, production than is theoretically 
possible from the amount of substrate available. 


TABLeE III 
Manometric Data and Stoichiometry on Testosterone Oxidation 
Manometric data | 
concentration 
Theoretical Experimental | 
O: | CO: | RQ | Initial Final 
l 1120 851 | 0.76 1060 546 | 0.51 | 2 —«0.86 
2 «660 425.6 0.76 2426 1225 | 0.50 | 1 | 
3 560 | 425.6 | 0.76 834 334 | 0.40 | 1 
4 560 425 .6 0.76 1800 774 0.43 1 
5 580 425.6 0.76 1244 572 | 0.46 1 


Total volume of reactants 2.3 cc. Each flask contained 0.5 cc. of 0.5 mM phos- 
phate buffer, pH 7, 1.0 cc. of 10 per cent suspension of acetate-grown Pseudomonas, 
and 0.5 cc. of substrate. 0.3 ec. of NaOH in the center well or 0.3 cc. of H:SO, in 
the side arm in respective vessels. Temperature 30°. All values were corrected 
for endogenous metabolism. 


Consider again the data in Experiment 1, Table III. The maximum 
oxygen uptake and CO, evolved (from substrate disappearance) would be 
638.4 ul. and 486 ul., respectively. Actually, approximately twice the 
amount of oxygen was utilized and twice the amount of CO: was evolved. 
These differences are even more apparent in Experiments 2 to 5. There 
is, therefore, a stimulation of endogenous metabolism which we are thus far 
unable toexplain. It should be stressed that this stimulation of endog- 
enous metabolism is not due to the minute amounts of ethanol which were 
used routinely for making the steroids soluble. Calculations show that, 
at most, 0.06 um of ethanol could have been incorporated into each experi- 
mental vessel. When such amounts of the alcohol are added to boiling 
Water (as is done in the process of rendering the steroids soluble) and ex- 
posed to resting cells of Pseudomonas No. 7, only insignificant gas ex- 
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changes are noted, indicating that the stimulation observed with testos. 


terone is genuine and not due to the alcohol. However, it is clear from BF 
the stoichiometric data presented that this species of Pseudomonas rapidly 
0 
TaBLe IV in 
Effect of 2,4-Dinitrophenol on Oxidation of Testosterone ol 
Wi 
Cells + 2,4-dinitrophenol Cells alone on 
O: uptake CO: evolution R. Q. O2 uptake | CO: evolution — R. Q. ; 
ul. ul. | pl. ul. | pe 
1008 635 0.63 | 810 | 324 | 0.40 
Total volume of reactants 2.3 cc. Each flask contained 0.5 cc. of 0.5 m phosphate Pa 
buffer, pH 7, 1.0 cc. of a 10 per cent suspension of acetate-grown Pseudomonas, 
0.5 ec. of testosterone solution containing 1.0 um of steroid. 0.3 ec. of NaOH in i 
the center well. Temperature 30°. Time of incubation 2 hours. Concentration of 
2,4-dinitrophenol in each flask 8x 10-5 m. All values were corrected for endogenous - 
metabolism. 
— testosterone-cells 
ai acetate-cells 
x 
ee 
a 
glucose-cells 80 
pe 
co 
of 
te 
yy 
MINUTES bi 
Fic. 1. Oxidation of testosterone by glucose, acetate, and testosterone-grown > al 
cells. Total volume of reactants 2.3 ec. Each flask contained 0.5 ce. of 0.5 m phos- in 
phate buffer, pH 7, 1.0 cc. of a 10 per cent suspension of acetate, testosterone, or 
glucose-grown Pseudomonas, and 0.5 cc. of testosterone solution containing ~]! 
uM of steroid. 0.3 cc. of NaOH in the center well. Temperature 30°. st 
ul 
metabolized testosterone with a cleavage of the steroid nucleus, many of J # 
the carbons in the ring being converted to CO». | d 


Adaptation Experiments—Several observations are to be noted in con- ti 
nection with the data illustrated in Fig. 1. First of all, as would be ex- f 
pected, there is an immediate oxygen uptake with testosterone-grown cells. F 
Secondly, a relatively long period of adaptation is required with glucose J L 
grown cells, and, third, there is an immediate oxygen uptake on testos fF ™ 
terone with acetate-grown cells. ; 4 
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Obviously, the most interesting observation is the one with the acetate- 
gown cells. It can be tentatively postulated, considering the phenom- 
enon of “simultaneous adaptation” (18), that testosterone in its break- 
down gives rise to C;, units. Therefore, growing cells on acetate may result 
in the stimulation of production of those enzymes involved in the metab- 
olism of C2 units derived from testosterone. This conclusion is in accord 
with Brady’s (19) recent finding that radioactive testosterone is formed 
on incubation of radioactive acetate with testicular tissue. 

Experiments with Cell-Free Extracts—Cell-free extracts have been pre- 
pared which will metabolize testosterone both aerobically and anaero- 


TABLE V 
Experiments with Cell-Free Extracts of Pseudomonas No. 7 


Manometric data Thunberg methylene blue data 


| 
i 


Oxygen uptake Time in min. 
Endogenous Experimental Extract Extract + DPN 
pl. pl. | 
40 190 reduction 40 10 


| | | 


Manometric Data—Total volume of reactants, 2.3 cc. Each flask contained 0.5 
cc. of 0.56 m phosphate buffer, pH 7, 1.0 cc. of cell-free extract, 0.5 cc. of testosterone 
solution containing ~1.0 um of steroid. 0.3 cc. of NaOH in the center well. Tem- 
perature 30°. Time of incubation 2 hours. 

Thunberg Methylene Blue Data—Total volume of reactants 2.9 cc. Each tube 
contained 0.5 cc. of 0.6 m phosphate buffer, pH 7, 1.0 cc. of cell-free extract, 0.4 cc. 
of 1:1000 dilution of methylene blue. Appropriate tubes contained 0.5 cc. of testos- 
terone solution containing ~1.0 um of steroid, 0.5 cc. of DPN (containing ~1.5 
uM). Distilled water to volume. 


bically (Table V). It is evident from the data shown in Table V that an 
appreciable oxygen uptake is observed when these cell-free extracts are 
incubated manometrically in the presence of testosterone. 

Anaerobically, these extracts will reduce methylene blue in relatively 
short periods of time. After dialysis, DPN apparently helps reduce the 
time necessary for methylene blue reduction. It may, therefore, be tenta- 
tively stated that one of the initial breakdown products may be a dehy- 
drogenated testosterone and that DPN acts as the cofactor in its forma- 
tion. 


The authors wish to express their thanks to Dr. Robert Waterman and 
Dr. Preston L. Perlman and to the Schering Corporation for their interest 
mn this work and for providing us with all steroids used in this investiga- 
tion. 
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SUMMARY 


1. A gram-negative bacterium, which can utilize testosterone as the 
sole source of carbon for growth, has been isolated from pond mud, and 
characterized as a member of the genus Pseudomonas. 

2. Testosterone stimulates endogenous metabolism of this organism. 


3. Glucose-grown cells require adaptation to metabolize testosterone, (F 
whereas acetate-grown cells do not. The significance of this latter find- 
ing is discussed. | 
4. Cell-free extracts have been prepared which can oxidize testosterone, 
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POLYPEPTIN: PURIFICATION, MOLECULAR WEIGHT 
DETERMINATION, AND AMINO ACID COMPOSITION 
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At the present time the chemistry of the naturally occurring polypep- 
tides can be regarded as only in its descriptive stage since structural for- 
mulas can be given for very few representatives of the class. Apparently 
true progress in the field awaits the development of reliable general meth- 
ods of study which are free from ambiguity. 

Regardless of the theoretical soundness of any general approach for 
determination of purity, estimation of molecular weight, or determina- 
tion of the qualitative and quantitative amino acid content of a complex 
naturally occurring peptide, a final decision as to the best approach must 
rest upon practical experience. Here model substances are needed. Un- 
fortunately the number of readily available different types of peptides 
which are suitable for gaining such experience is not large. 

A short time ago, a generous supply of a new polypeptide antibiotic, 
polypeptin (1), was made available to us through the courtesy of Dr. S. 
F. Howell. Preliminary studies, by counter-current distribution, indicated 
it to be one of the best peptide preparations which has become available to 
us. We have, therefore, taken up the study of its structure. 


EXPERIMENTAL 
Purity Studies 


The material supplied to us was the sulfate. It had been recrystallized 
several times from 65 per cent aqueous ethanol. When dried at 130° and 
0.2 mm. pressure to constant weight, a loss of 7 per cent was noted and the 
following analytical figures were found: C 51.6, H 7.8, N (Kjeldahl) 13.2, 
S 3.6 per cent. 

The sulfate was used directly for the distribution experiments. All 
distributions were made in the automatic apparatus described by Craig 
etal. (2). Of all the systems studied those containing secondary butanol, 
isopropyl ether, and hydrochloric acid seemed to offer the most promise. 
One, formed by equilibrating a mixture of secondary butanol and _iso- 
propyl ether (2:1 by volume) with an equal volume of 0.25 n HCl, gave 
the result shown in Fig. 1, a after 172 transfers. The sulfate ion remained 
in the lower phases of the first few tubes and is not shown on the pattern. 
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There was obvious skewing due to impurity, transformation, or a non- 
linear partition isotherm. In order to decide which possibility applied, 
the K of the solute contained in a number of tubes was determined. The 
result is given graphically below the distribution pattern. It is strongly 
suggestive of slow transformation during the run in addition to deviation 
from a linear partition isotherm. 

When the concentration of HCl was reduced to n/7, the result shown 
in Fig. 1, b was obtained. Fig. 1, b is an effluent pattern after 490 trans- 
fers had been applied. This result, however, did not eliminate the pos- 


60 a. tem:sec. Bu0H, Iso- 
System: sec. Bu0H, I 1 (21)-"A HC 
Charge: 5 gm. in 10 tubes 
40 Weight-u in effluent phases 
b. 
20+ 
40 390 30 310 270 230 
System: sec. Bu0H, Iso- 
propylether (2:1)-% HC! 
Charge: 140qm in 3 tubes 
Transfers: 
20- 
Mm 
2+ 710+ q 
05+ 
60 80 100 120 140 160 100 500 460 420 300 340 30. 
Tube No. Transfer No. 


Fig. 1. Distribution curves of polypeptin 


sibility of a transformation having occurred during the run. On attempt- 
ing to recover material from the major peak, Cut 2, or from the shoulder, 
Cut 1, either material could not be induced to crystallize directly from a 
solvent. However, evaporation below 40°, followed by freeze-drying from 
water, gave a hydrochloride with reasonably satisfactory properties. Ma- 
terial obtained in this manner from the major peak, Cut 2, lost 6.5 per 
cent of its weight on drying at 130° and 0.2 mm. pressure and the follow- 
ing analytical figures were obtained: C 53.9, H 7.8, N (Kjeldahl) 13.6, 
N (Van Slyke) 3.2, Cl 8.7 per cent. Although both materials were prob- 
ably amorphous, they behaved very much like the original crystalline 
sulfate. Material recovered from the shoulder gave almost the same 
analytical figures as the main band. The ultraviolet absorption spectra 
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of the two preparations were compared in the Cary spectrophotometer. 
The pattern for the main band was similar to that of the starting material. 
However, the shoulder material showed considerably greater absorption in 
the longer wave-length regions (Fig. 2). 

Both the main peak and the shoulder material were studied by complete 
hydrolysis in 6 N HCl and two-dimensional paper chromatography, ac- 
cording to the ascending technique of Williams and Kirby (3). The sys- 
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18 o—o Hydrochloride (Cut 1) 
Sulfate and 
hydrochloride (Cut 2) 
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Fic. 2. Ultraviolet absorption spectra of polypeptin salts (0.7 per cent in 65 per 
cent aqueous ethanol). 


tems used were secondary butanol, 88 per cent HCOOH, and H.O (75: 
15:10 by volume) and secondary butanol and 3 per cent aqueous ammonia 
(100:40 by volume). The chromatograms were both identical with that 
of the original sulfate shown in Fig. 3. 

Later the main band was redistributed in the n/7 HCl system. This 
gave the pattern shown in Fig. 1, c. Here unexpectedly the partition ratio 
agreed with that of the shoulder from Fig. 1, b and little, if any, of the 
main band appeared. Furthermore, the absorption spectrum agreed with 
that of the shoulder material. Transformation of the main band to the 
shoulder material was thus indicated. 
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In a further distribution experiment with polypeptin sulfate the con- 
centration of the HCl in the former system was reduced to 0.1 nN. After 
339 transfers the curve in Fig. 4, a was obtained. There was no skewing 
and at least two components were indicated to be present. Determination 
of partition ratios throughout the curve gave the pattern shown in Fig. 
4, a. No signs of transformation, but rather a non-linear partition iso- 
therm within the main band, are indicated. This should have produced 
skewing to the right. Some compensating effect such as disequilibrium 
must have entered. The experimental curve tended to be even more 
narrow than the calculated. 

The sulfuric acid band was withdrawn and the remainder was recycled 


@sec. butanol + formic acid 
S OV 
iL 
PalOOL 


Fic. 3. Paper chromatogram of hydrolyzed polypeptin. a,y-DAB = diamino- 
butyric acid, Thr = threonine, V = valine, iL = isoleucine, L = leucine, gal = 
phenylalanine. 


to 624 transfers. In Fig. 4, b the two components of the mixture are 
satisfactorily separated from each other. The materials were treated in 
a different way than in the first experiment in order to reduce the pos- 
sibility of transformation during isolation. The organic phase was first 
evaporated at 20° in a rotating concentrator (4). To the remaining dilute 
HCl solution Dowex 2, a basic ion exchange resin, was added until pH 
6.8 was reached. The suspension was filtered and the filtrate freeze- 
dried. Unfortunately on elementary analysis the product contained 1.6 
per cent ash, which came from the resin. In order to remove the ash 
and eliminate the concentration effect on the partition ratio, 300 mg. of 
material from the main peak were redistributed in the 0.1 N HCl system. 
After 108 transfers the pattern in Fig. 4, c was obtained. The ash re- 
mained in the initial tubes. AK throughout the peak was constant and the 
theoretical curve gave a satisfactory fit. The peptide hydrochloride was 
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isolated ash-free by evaporation of the organic phase at 20° and 10 mm. 
pressure and lyophilization of the dilute HC] solution. Elementary analy- 
sis of the product gave the data obtained earlier for polypeptin hydrochlo- 
ride. On drying at 130° under 0.2 mm. pressure to constant weight, the 
sample lost 5 per cent of its weight. 


: sec. Butanol, Isopropylether 

(2:1)-™/o HC1 
1F Charge: 1 gm. in 4 tubes 

Transfers: 339 

1257 Weight-lower phase 

Calculated 


K- 0895 


Charge : 300 mg. of Frac. 2 
12+ Transfers: 108 


Transfers: 624 b. 


2 40 & 
Tube No. 
Fic. 4. Distribution curves of polypeptin 


Molecular Weight Studies 


An attempt was made to derive the molecular weight by the recently 
published approach of Battersby and Craig (5). The conditions used for 
partial substitution were the following: A solution of 300 mg. of the poly- 
peptide in 5 ml. of ethanol, a solution of 150 mg. of NaHCO; in 50 ml. of 
water, and a solution of 150 mg. of 2,4-dinitrofluorobenzene (the DNP 
reagent) in 50 ml. of ethanol were combined. After 45 minutes at 25° an 
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optical density per cm. of 18.4 at 350 my had been reached. Further re- 
action was interrupted by addition of 0.17 ml. of glacial acetic acid. 

The reaction mixture was extracted with ether to remove the excess 
DNP reagent. This also removed a small amount of yellow color, prob- 
ably dinitrophenol. The aqueous phase was evaporated to dryness at 
20° under high vacuum. The entire residue was distributed in the sys- 
tem secondary butanol-isopropyl ether (2:1)-0.1 Nn HCl. 

After 72 transfers three well separated bands were apparent, as shown 
in Fig. 5, a. Band 1 was the inorganic salt band, a mixture of Na,SQ,, 
Na acetate, etc. Band 2 was colorless and represented the unsubstituted 
polypeptin. Band 3 was yellow and contained a mixture of substituted 
peptides with partition ratios too high for efficient separation of the DNP 
components. 

The material in Band 3 was therefore redistributed in the system ben- 
zene, glacial acetic acid, and water (5:5:1 by volume). The result after 
108 transfers is shown in Fig. 5, b. At least three yellow bands were pres- 
ent. The low Band 3c corresponded to the completely substituted peptide 
described later on. 

The solutes in Tubes 40 to 80 were removed and the distribution con- 
tinued until 777 transfers had been reached. The result is shown in the 
pattern of Fig. 5,c. Weight and absorption agreed well for the major part 
of the first Band 3a, which is the one with a partition ratio nearest that 
which the unsubstituted polypeptin would give and therefore must be 
regarded as the monosubstituted derivative. Determination of residue 
weights for this band required more vigorous drying than usual in order to 
reach the constant weight necessary for accurate molecular weight deduc- 
tions. If the molecular extinction coefficient! of 14,500 at 350 mu is used 
and the final residue assumed to contain 2 moles of acetic acid, which 
would be held by the two remaining NH, groups, a molecular weight of 
1100 to 1200 for polypeptin as the free base is obtained. 

Bands 3b; and 3b2 both showed higher absorption than Band 3a and 
approximated that required for disubstituted DNP derivatives, but, be- 
cause of the small amount of substance weighed, the determination should 
be considered as only approximate. 

Complete substitution of the basic groups in a with the DNP 
reagent was also studied by permitting excess of the reagent to act for 20 
hours at 25°. The mixture was acidified, extracted with ether, and evap- 
orated to dryness. The residue was distributed in the benzene, acetic 
acid, and water system. After 108 transfers the pattern shown in Fig. 


1 Experience with a number of different polypeptides indicates this figure to be 
most nearly in accord with the analytical data and the minimum molecular weights 
calculated from quantitative amino acid values. 
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5, d was obtained. The slow moving colorless band contained the in- 
organic salts. A small yellow band, No. 3b, occurred next to it of which 
the partition ratio approximated Bands 3b; and 3b; of pattern Fig. 5, c, 


34+ -sec. Butanol, System: Benzene, Glacial 
32+ lether (2:1) | Acetic Acid, Water (5:5:1) 
30+ “o HCl Transfers: 108 

28 | Transfers: 72 
Wt upper phase 
lower 


a. ‘ b. 


K-0947 


Optical density 


is Calculated 
o— Optical density at 350 my x 0.602 


y 


— 


Optical densit 
Mg. per ml. 


~ @ 


Fic. 5. Distribution curves of DNP-polypeptins 


the disubstitution products. The main yellow Band 3c closely approached 
the theoretical and corresponded to the small yellow Band 3c of pattern 
Fig. 5, b. A Van Slyke amino nitrogen determination on this material 
showed amino groups to be lacking. Molecular weight calculations on 
— of 3 DNP residues agreed well with the above value of 1100 to 
1200. 
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Hydrolysis by HCl and Isolation of Hydrolytic Products—It appeared 
best to remove the sulfate ion before hydrolysis and convert the salt to an 
amorphous free base by treating its aqueous solution in the cold with an 
excess of ammonium hydroxide. 3 gm. of the base so obtained were 
hydrolyzed by refluxing under nitrogen in constant boiling hydrochloric 
acid for 24 hours. The cold solution was extracted with ether in search of 
acidic split-products. However, distillation of the ether solution yielded 
only a trace of an organic acid. In a parallel experiment with a smaller 
sample at this point excess alkali was added and the solution was extracted 
with ethyl ether. Careful removal of the ether by distillation through a 
column left no trace of an organic base. 

The hydrolysate was evaporated to dryness. Total nitrogen by Kjel- 
dahl and Van Slyke amino nitrogen agreed, thus eliminating the possi- 
bility of secondary or tertiary nitrogen. No ammonia could be detected 
by steam distillation into standard acid of a sample treated with excess 
sodium hydroxide. 

A 0.1 mg. sample of the residue obtained from the hydrolysis of 3 gm. 
was studied by two-dimensional paper chromatography in the systems 
secondary butanol, formic acid, and water and secondary butanol, am- 
monia, and water. Six spots were obtained whose positions indicated 
a,y-diaminobutyric acid, threonine, valine, phenylalanine, isoleucine, and 
leucine. The first and last spots mentioned were considerably stronger 
than the others (Fig. 3). 

The main bulk of the hydrolysis residue was studied by counter-current 
distribution in the system normal butanol-secondary butanol (1:1 by 
volume)-5 per cent HCl. After 564 transfers had been reached, the pat- 
tern of Fig. 6, a was obtained. The first three bands were well separated. 
Paper chromatography indicated them to contain only a ,y-diaminobutyric 
acid, threonine, and valine, respectively. 

The overlapping triplet found in Band 4 was separated in a more favor- 
able system. The hydrochloride residue obtained on evaporation of the 
band was treated with a small excess of ammonium hydroxide and evap- 
orated to dryness. The residue was separated by counter-current dis- 
tribution in the system n-butanol-water. A technical difficulty due to 
the formation of emulsions was encountered. However, after 80 trans- 
fers the small amount of solute responsible for the trouble was sufficiently 
separated from the main band so that it could be removed. 

At 545 transfers the pattern of Fig. 6, b was obtained. The ammonium 
chloride band was removed. The distribution was then continued by the 
recycling process (2) until 1350 transfers; the pattern of Fig. 6, ¢ was ob- 
tained. The phenylalanine band was set aside at this point and the dis- 
tribution was continued to 1987 transfers; the pattern of Fig. 6, d was now 
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obtained. For isolation the overlapping parts of the two bands, Tubes 
80 to 120, were discarded. 

The six amino acids were all recovered in analytically pure form and 
their optical rotations determined. ‘Their infra-red spectra (Perkin-Elmer 


113} 


. System: n-Bu0H, sec. Bu0H 
6: (1:1) -5% HCl 
Charge: in 5 tubes 
5. Transfers: 564 

-——~ Weight upper phase 
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560 480 400 320 240 
Transfer No. 


— n-Bu0H -H,0 12 Transfers: 1350 
Charge: 1.7 gm.in 10 tubes Cc. 
Transfers: 545 


0 4 +.(j§s + «1120 160 


Tube No. Tube No. 
Fic. 6. Distribution curves of a polypeptin hydrolysate 


double beam, continuous recording spectrograph) in Nujol suspension were 
compared with known preparations. Table I summarizes the analytical 
data. Threonine and valine were recovered from the hydrochloride resi- 
dues by crystallization from aqueous solutions containing excess pyridine. 
a,y-Diaminobutyric acid was first crystallized from hydrochloric acid 
solution. However, the dihydrochloride so obtained was found to lose 
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HCl easily and was finally crystallized from aqueous solution containing 
excess pyridine. This gave a well defined monohydrochloride. Dumas 
nitrogen values were found to be high until sodium chlorate was used in 
the sample to facilitate complete oxidation. For further confirmation a 
crystalline dibenzoyl derivative was prepared by the Schotten-Baumann 
reaction. The identity of the phenylalanine was also confirmed by its 
ultraviolet absorption spectrum. 

Quantitative Amino Acid Analysis by Chromatography on Dowex 50—- 
Although the distribution patterns permit quantitative deductions, the 


Thr 80% 
0.40 
0.20- 85% 
= 4 6 120 160 20 240 28 320 
pH 3.41, 37.5°C. 
O 0.40 - L 
iL 200% 
95% Pal 
g 
340 380.420 400 500 540 580 620 
pH 4.25, 37.5°C. pH 6.7, 25°C.—— 
ay DAB 
26. 
0.40 - 
0.20 - 
L 
640 680 


Te) 800 640 880 920 
>kpH 8.3, 0.2N —— 
Effluent ml. 
Fic. 7. Chromatogram of hydrolyzed polypeptin on Dowex 50 


quantitative picture was also obtained by the ion exchange method of 
Moore and Stein (6), with the purest poiypeptin hydrochloride. This 
further insures that an unknown residue has not been missed, an im- 
portant point when the residues do not account for all the weight of the 
peptide. Fig. 7 gives the result. Integration of the areas under the 
bands and application of the recommended color yields gave the percent- 
age composition based on amino acid residue of the dry peptide as shown 
on the pattern. Approximately 85 per cent of the molecule is accounted 
for. The remainder is accounted for by an acid component. 

Hydrolysis by Sulfuric Acid-—1.0 gm. of polypeptin sulfate in 40 ml. of 
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18 per cent H,SO, was heated in a sealed tube for 24 hours in boiling tol- 
uene. The solution was extracted three times with 15 ml. portions of 
ether and the extract dried over Na,SQO,. It was carefully concentrated 
and 139 mg. of a residual oil with a strong pungent odor were obtained. 
Since polypeptin gave a,y-diaminobutyric acid on hydrolysis, a relation- 
ship to the polymyxins was suspected. 6-Methyloctan-l-oic acid (7) 
would be the acid. Studies to date have excluded this possibility. The 
identification of this acid must be left for a future communication. 


DISCUSSION 


Before real progress in elucidation of the structure of the higher natu- 
rally occurring peptides can be made, the problem of proving that the 
particular peptide used is indeed a single chemical individual must be 
solved. Secondly, the molecular size must be established beyond doubt, 
and, thirdly, the quantitative amino acid composition must be deter- 
mined. The results obtained in attempting to satisfy each of these req- 
uisites have a bearing on the reliability of the conclusions made in regard 
to the others. 

Thus, if the quantitative amino acid values lead to a minimum molec- 
ular weight which is in agreement with the actual molecular weight deter- 
mined directly, support is thereby given to the experiments designed to 
prove purity. Likewise the achievement of clear cut distribution bands 
in the new method of determining molecular weights (5) by partial sub- 
stitution gives considerable support to the thesis of purity. 

In actual practice it may not be possible to achieve the ideal for each of 
the points outlined. A working degree of purity may be difficult to es- 
tablish directly because of poor stability of the substance. Quantitative 
amino acid determinations may be in error because quantitative hydrolysis 
of peptide bonds, without transformation of amino acid residues, can- 
not be achieved. Our experience with those peptides readily available for 
study has shown all of these expected individual variations. 

In the case of polypeptin the distribution behavior did not suggest gross 
heterogeneity in fractions purified by repeated crystallization. The ma- 
terial in hand was approximately 80 per cent pure and contained only one 
other component. This was in contrast to our experience with most of 
the other polypeptides studied thus far by counter-current distribution 
(8). The experimentally obtained curves did not agree with the theo- 
retical curves until the HCl concentration in the system was sufficiently 
low so that transformation was avoided. It was also necessary to choose 
a concentration of the solute low enough to avoid concentration effects 
on the partition ratio. Modification of the method of isolating the pep- 
tide in order to prevent transformation was required. HCl removal at 
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room temperature with Dowex 2, as well as freeze-drying of the dilute 
HCl solution, was successful. 

In order to support the deductions made regarding the various bands of 
Fig. 5, equal samples by weight of all were hydrolyzed and spotted on 
paper chromatograms. Band 3c showed no a,y-diaminobutyric acid spot 
as would be expected. It showed all the other spots given by the start- 
ing material and only one yellow spot corresponding to a y-DNP-sub- 
stituted derivative of a,y-diaminobutyric acid. Band 3a of Fig. 5, c 
showed the weakest yellow spot and an a,y-diaminobutyric acid spot only 
slightly weaker than that shown by the original peptide. 

An independent investigation of the free amino groups was made by 
treating the peptide with excess nitrous acid before hydrolysis and paper 
chromatography. The a,y-diaminobutyric acid spot had entirely dis- 
appeared. The other five amino acids were all found in their original 
intensity, except the threonine spot which was very much larger and more 
intense. The isothreonine resulting from deamination in the y position 
of a,y-diaminobutyric acid would be expected to have an FR, value similar 
to threonine. These results further suggest that all the y-amino groups 
of a,y-diaminobutyric acid are free and indicate the lack of a free a-amino 
group. 

If Bands 3b; and 3b. of the pattern of Fig. 5, c are isomeric disubsti- 
tuted derivatives, as is indicated by their approximate weight-extinction 
ratios, then polypeptin must contain three amino groups, all as the ter- 
minal groups of the three a,y-diaminobutyric acid residues shown to be 
present by counter-current distribution and ion exchange. 

A molecular weight of approximately 1150 is indicated by the optical 
density of a solution of known weight of the monosubstituted DNP de- 
rivative at a wave-length of 350 mu. This figure is considered to give 
only the order of the true molecular weight and with the present data 
could be in error +10 per cent. Since there are two free basic groups in 
the mono DNP polypeptin and the residue is obtained by evaporating a 
solution containing acetic acid, 2 molecules of acetic acid are assumed to 
be present. Drying conditions would not insure complete removal of 
solvent. Such a molecular weight is also supported by the direct absorp- 
tion spectrum measurements of the intact polypeptide. The cause of the 
absorption can now be clearly ascribed to phenylalanine which gives the 
three maxima noted by Howell (1). On the basis of a single phenylalanine 
residue a minimum molecular weight of 1200 for the base can be calcu- 
lated from the highest band of the phenylalanine triplet at 258 my (Fig. 
2). 

We can thus conclude that the polypeptin molecule contains three 
L-a,y-diaminobutyric acid residues, one L-threonine, one D-valine, one 
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L-isoleucine, two t-leucine, one D-phenylalanine, and one acid residue of 
a molecular weight approximating 150. 

The titration data of Howell (1), for the 80 per cent pure product, sug- 
gested the presence of one free carboxyl group and a molecular weight of 
2100 to 2200. This result must now be reexamined in the light of the 
above data and the ease with which the original material can undergo 
change. Quantitative amino acid analyses are in line with either 1100 
or 2200. 

From the data presented here the following hypothetical formula for 
the polypeptin base can be postulated: (a,y-diaminobutyric acid)3(threo- 
nine) (valine) (leucine)2(isoleucine) (phenylalanine) (acid). The analyt- 
ical data for the trihydrochloride are in agreement with CggH ggQi3N Cy. 


Calculated. C 53.7, H 7.9, N (Kjeldahl) 13.4, N (Van Slyke) 3.3, Cl 8.5 


This would leave CgH,;0. for the yet unknown acid residue. The 
polypeptin base then has a molecular weight of 1145, the sulfate 1292, 
and the hydrochloride 1254. 


The authors are indebted to Dr. H. Jaffe for his help in the optical 
studies and to Dr. J. R. Weisiger for amino nitrogen determinations. We 
also wish to acknowledge the technical assistance of Miss E. A. Jacobs and 
Miss D. McNamara. 

The elementary analyses were carried out by Mr. D. Rigakos. 


SUMMARY 


Crystalline polypeptin sulfate was found to be a mixture of two basic 
polypeptides, with identical amino acid spectra. The two components 
were separated by counter-current distribution and the major component 
(80 per cent) found to satisfy the criteria of purity given by the method. 

Although the hydrochloride was stable in systems containing 0.1 % 
HCl, it was partially transformed at higher acid concentrations. 

Molecular weight studies by the DNP method on the major component 
indicated a value of 1100 to 1200 for the free base. 

Total hydrolysis in HCl and subsequent counter-current distribution 
permitted quantitative estimation, isolation, and identification of the fol- 
lowing residues: three L-a,y-diaminobutyric acid, one L-threonine, one 
p-valine, one L-isoleucine, two L-leucine, one b-phenylalanine. These ac- 
counted for approximately 85 per cent of the peptide molecule. The 
remainder is accounted for by an unknown acid. 

Qualitative and quantitative amino acid analysis on paper and Dowex 
50, respectively, confirmed these findings. 
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The following empirical formula for the polypeptin base has been postu- 
lated CsgHgQi13Ni2, corresponding to a molecular weight of 1145. 
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THE UTILIZATION OF 2-C'-L-THREONINE FOR THE 
SYNTHESIS OF URIC ACID* 


By ALVIN I. KRASNA, PINCUS PEYSER, anv DAVID B. SPRINSON 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, March 7, 1952) 


Previous investigations from this laboratory (1, 2) of the metabolism 
of L-threonine in the rat have indicated that an extensive reaction in its 
breakdown consisted of cleavage between carbon atoms 2 and 3 to yield 
“acetate” and glycine. These conclusions were based on the conversion 
of one-fifth to one-third of administered 4-C',N'-1L-threonine to 2-C'- 
acetate and N!*-glycine (2). 

Since a limited conversion of L-threonine to other products was not 
completely ruled out by the type of labeling used, it was desirable to in- 
vestigate the metabolism of t-threonine, labeled in the a-carbon. The 
synthesis of this amino acid was accomplished by slight modifications 
of the elegant procedure recently published by Elliot (3) and is described 
in the experimental part. 

Utilization of 2-C%-L-Threonine for Synthesis of Uric Acid—Following 
the administration of a-labeled L-threonine to a pigeon, the uric acid 
isolated from the excreta had considerable activity. It was degraded by a 
modification of existing methods (4) in order to obtain the activities of 
the various carbon atoms. The results are shown in Table I. Carbon 
atom 5 of the uric acid (I) had the highest activity, which was 4 times that 
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*From a paper presented at the Gordon Research Conferences, American As- 
sociation for the Advancement of Science, Vitamins and Metabolism Section, New 
London, August, 1951. 
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of the ureide carbon atoms (Nos. 2 and 8), while the activity of carbon 
atoms 4 and 6 was very low. 

The ratio of activities of carbon atom 5 to that of the ureide carbon atoms 
is close to that obtained after the administration of a-labeled glycine (5). 
If any appreciable portion of threonine had been converted to a 1-carbon 
fragment by some other pathway, the activities of the ureide carbon atoms 
would have been correspondingly increased. p-1-Amino-2-propanol has 
recently been identified among the hydrolysis products of vitamin By. (6), 
Decarboxylation of 2-C“-threonine to followed 
by cleavage to C'-“‘formate,’’ would not only tend to raise the activities 
of carbons 2 and 8 but would also decrease the amount of threonine avail- 
able as a precursor of a-labeled glycine for position 5. The utilization 


TABLE I 
Utilization of 2-C'4-L-Threonine* for Uric Acid Formation in Pigeon 


Positions of atoms in uric acid Activity 


1960 


* Injected 0.25 mm per 100 gm. for 1 day. The activity was 6.44 « 10° ¢.p.m. in 
carbon 2. 

t+ Counts per minute per dish (18 mm. diameter) of carbon at infinite thickness 
under standard conditions. 


of 2-C-L-threonine for uric acid formation, can, therefore, be most reason- 
ably interpreted in terms of the previously found cleavage to acetate and 
glycine. 

The very low activity shown by carbon atom 6 of the uric acid indicates 
that a significant conversion of carbon atoms 2, 3, and 4 of 2-C-threonine 
to carboxyl-labeled pyruvate did not occur. 1-C-Lactic acid has been 
shown to be a very effective precursor of carbon atom 6 (4), as would be 
expected from the metabolic relation of both the carboxyl group of lactate 
and carbon atom 6 of uric acid to the respiratory COs. 

The extent of conversion of L-threonine to glycine in the pigeon can be 
estimated from the coefficient of utilization (7, 8) of 2-C™-threonine for 
carbon atom 5 of uric acid. From the data in Table I it can be calculated 
to have a value of 50, which is about one-fourth that obtained for carbon 
atom 5 after the administration of 2-C'-glycine (5, 8). This is in good 
agreement with the extent of conversion of threonine to glycine previously 
found in the rat (2). 
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Utilization of 2-C%,N*-L-Threonine for Hippuric Acid Formation—The 
availability of N'*-L-threonine from the previous investigation (2) made 
possible a more rigorous test of the assumption that carbons | and 2, and 
the nitrogen of threonine, are used as a unit for glycine formation. A 
mixture of 2-C- and N-L-threonine was fed to a rat with some sodium 
benzoate. The glycine of the excreted hippuric acid was degraded, and 
the C“ activity of the a-carbon, as well as the N™ concentration of the 
amino group, was determined. The results, given in Table II, show a 
nearly equal dilution of the C“ and N!*. It may be concluded that the 
cleavage of threonine to acetate and glycine (1, 2) is unaccompanied by 
any unusual nitrogen transfer reactions involving the amino group. 


TABLE II 
Conversion of 2-C'*,N-L-Threonine* to 2-C'*, N%-Glycine in Rat 


Isotope concentration 


| Cu N15 
| 6.44 104 27 .7 2.33 


* Fed 0.45 mm of threonine and 0.35 mm of sodium benzoate per 100 gm. in a 15 
per cent casein diet for 1 day. 
t Counts per minute per dish of labeled carbon under standard conditions. 


t There was no activity in the carboxyl group. 


EXPERIMENTAL! 


Synthesis of 2-C'%-L-Threonine—5.0 gm. (67 mM) of 2-C'-glycine were 
benzoylated (9) and the hippuric acid was converted to an alcoholic solu- 
tion of ethyl a-benzamidoacetoacetate (10). To remove contaminating 
sulfur compounds, the solution was refluxed for 0.5 hour with a little 
Raney nickel catalyst and filtered. The solution (100 cc.) of keto ester 
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was hydrogenated in the presence of 0.6 gm. of platinum oxide at about 
35 pounds pressure (2, 11). The catalyst was removed by filtration, the 
solution evaporated to dryness, and the residue dried by addition of 
benzene followed by vacuum distillation. The crude ethyl a-benzamido- 
8-hydroxybutyrate was cyclized (12) with thionyl chloride to yield 8.2 
gm. (35 mM) of an oil consisting of a mixture of czs- and trans-pL-4-car- 
bethoxy-2-phenyl-5-methyl-A?-oxazoline (II). Since the ensuing opera- 
tions differed somewhat from the published procedure (3), a more detailed 
description is included. 

The mutarotation of the cis-oxazoline ester in the mixture (II) to the 
trans form was carried out by dissolving the undistilled oil in 40 ce. of 
absolute alcohol and adding the solution to 0.8 gm. (35 m.eq.) of sodium 
in 40 ec. of absolute alcohol. After 5 minutes at room temperature, 80 
cc. of water were added and the mixture was refluxed for 15 minutes in 
order to hydrolyze the trans-oxazoline ester to the salt of the free acid. 
The solution was concentrated in vacuo to about 35 cc. and cooled to 
0°, and 5 nN HCl added dropwise with efficient stirring until the pH had 
dropped to 3.5. At no time was the temperature allowed to rise above 0°. 
Since the oil which separated could not be induced to crystallize, the 
supernatant solution was decanted and kept cold while the oil was treated 
with a little ether. The crystalline product which formed was filtered, 
washed with a small amount of ice-cold water, and dried. Yield 0.99 
gm., m.p. 137-142°. The addition of a small volume of ether to the super- 
natant solution afforded another crop of white crystals, 2.29 gm., m.p. 
139-142°. The total yield of trans-pL-oxazoline acid was 3.2 gm. (16 
mm). The filtrates were saved for the recovery of N-benzoyl-pL-threonine. 

The trans-pL-oxazoline acid was dissolved with heating in a solution of 
6.1 gm. of anhydrous brucine in 12 ec. of absolute alcohol. Crystalliza- 
tion of the L-oxazoline brucine salt failed to take place, even after the 
addition of increasing amounts of anhydrous ethyl acetate over a period 
of several days (cf. (3)). A small amount of material which had failed to 
dissolve was removed (230 mg., m.p. 134—136°), and the solution evaporated 
to dryness in vacuo. The residue was dissolved in a mixture of 1.8 cc. 
of absolute ethanol and 8.8 cc. of anhydrous ethyl acetate. The desired 
salt now crystallized readily. It was filtered and washed with a small 
volume of cold ethyl acetate. Yield 3.6 gm., m.p. 117-123°. After two 
recrystallizations from absolute ethanol, 3.0 gm. of brucine salt were ob- 
tained; m.p. 126—-129°. | 

The brucine salt was decomposed, and the L-oxazoline acid converted to 
N-benzoyl-t-threonine (3), which was required for another investigation, 
rather than directly to threonine. Yield 0.99 gm., m.p. 140-141°. By 
hydrolysis (3) of 530 mg. of this product 215 mg. of L-threonine were 


p 
a 
d 

e 
ac 


A. I. KRASNA, P. PEYSER, AND D. B. SPRINSON 425 


obtained. [a]?? = —28.5° (2.7 per cent in water). This corresponds to 
a 10 per cent over-all yield from glycine. Activity, 6.44 x 10° ¢.p.m. 
per dish of a-carbon under standard conditions (calculated from the ac- 
tivity of undiluted 2-C"-glycine = 6.4 X 10° ¢.p.m.). 

Isotope Analyses—Radioactivity measurements were made on infinitely 
thick samples in dishes 2.54 sq. cm. in area and were corrected for back- 
scattering when necessary. Sufficient counts were taken to give a standard 
deviation of less than 5 per cent. 

Mass spectrometric analyses were carried out by the usual procedures 
(13). 

Feeding Experiments—Injection of 2-C'-L-threonine to a pigeon (260 gm. 
in weight) and isolation of uric acid were as previously described (8). 
The 2-C™', N'*-1L-threonine and sodium benzoate were incorporated into a 
15 per cent casein diet (2) and fed to a 265 gm. male rat for 1 day. Hip- 
puric acid was isolated from the urine and recrystallized to constant 


activity. 


Degradation Procedures—The uric acid was degraded by the usual proce- 
dures (4), except for the oxidation of glyoxylate (representing carbons 4 
and 5) which was carried out with sodium periodate (14). Lead glyoxylate 
obtained from 65 mg. of uric acid was suspended in 10 cc. of water and 
treated with 4 N H2SO, until the lead was completely precipitated. The 
supernatant and washings were brought to pH 5 with NaOH and taken 
down to a small volume in vacuo. 4 cc. of 0.5 M sodium phosphate buffer 
(pH 5.8) were added, and the solution freed of CO. by a stream of nitrogen. 
Following the addition of 2 cc. of 0.43 Mm NalQOs, solution, CO. from the 
carboxyl group of glyoxylate (representing carbon 5 of uric acid) was 
collected for 1 hour in baryta. Oxidation of the residual formate (carbon 
4 of uric acid) to CO. was performed as in the degradation of serine (15). 
The yield of BaCQO,; from each carbon atom was 50 mg. 

Glycine obtained from hippuric acid was degraded with ninhydrin at 
pH 2.5. The carboxyl carbon was precipitated as BaCQO;, while the form- 
aldehyde was distilled out of the reaction mixture and isolated as the 
dimedon derivative. Following the addition of an equal volume of 14 Nn 
NaOH, ammonia was removed by aeration for mass spectrometric analysis. 


We are indebted to Mr. I. Sucher for the N!® analyses and to Miss Flor- 
ence Kee for technical assistance. 


SUMMARY 


L-Threonine labeled with C™ in the a-carbon was synthesized. 
In the pigeon, 2-C'-L-threonine is utilized for the synthesis of uric 
acid by way of glycine, the activity in carbon atom 5 being 4 times that of 
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carbon atoms 2 and 8. This ratio is close to that given by a-labeled glycine 
and suggests that extensive conversion to a l-carbon intermediate vig 
cleavage of a compound related to aminopropanol did not occur. The 
low activity in carbon atom 6 indicates that the carbon chain of 2-C"-1- 
threonine is not converted directly to carboxyl-labeled pyruvate. 


Following the administration of 2-C', N!°-L-threonine and benzoate to a 


rat, the glycine of the excreted hippuric acid showed nearly the same ratio of 
C4:N! as in the precursor compound. 
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THE EFFECT OF GLUCOSE ON THE AMINO ACIDS OF PLASMA 
AFTER TOTAL HEPATECTOMY* 


By EUNICE V. FLOCK, MELVIN A. BLOCK,t FRANK C. MANN, JOHN H. 
GRINDLAY, ano JESSE L. BOLLMAN 
(From the Division of Experimental Medicine, Mayo Foundation, University of 
Minnesota, Rochester, Minnesota) 


(Received for publication, March 17, 1952) 


The increase in concentration of the total free amino acids of plasma 
which occurs after total hepatectomy (1) has been shown to represent the 
summation of the increases which occur in at least fourteen individual 
amino acids (2). The characteristic pattern of these amino acids and 
taurine in plasma, as shown by paper chromatography, was maintained 
with a general increase in size and density of each spot, indicating an in- 
crease in concentration, in dogs studied from 17 to 31 hours after hepatec- 
tomy. These dogs received minimal amounts of glucose by continuous 
intravenous injection, starting at the mean rate of 0.15 gm. per kilo per 
hour and increasing at later hours, as necessary, to prevent hypoglycemia, 
to an average rate of 0.28 gm. per kilo per hour. In this way the blood 
sugar concentration was maintained at relatively low but not hypoglycemic 
levels. 

In the present experiments we have studied the effect of variations in 
the amount of glucose administered to the dehepatized dog and have found 
that the concentration of free amino acids of plasma is lower when more 
glucose is available. We have also investigated the effect of nephrectomy. 


EXPERIMENTAL 


Dogs, weighing from 10.6 to 21.5 kilos, were fasted for 20 hours prior to 
removal of the liver. Total hepatectomy was performed either by the 
three-stage technique of Mann (3) or by a modification of this (4). Trans- 
fusions of blood were given to replace the fairly large samples of blood 
taken at intervals after operation. Bilateral nephrectomy was performed 
in six dogs, from three of which the liver was also removed. 

Paper chromatography was used to get an over-all view of changes 
occurring in the mixture of amino acids in plasma and urine. Preliminary 
preparation of these fluids for paper chromatography involved dialysis 
in Visking cellulose sausage casing immersed in 2 volumes of water in 


* Read at the meeting of the American Chemical Society, New York, September 
3 to 7, 1951. 
t Fellow in Surgery, Mayo Foundation, University of Minnesota. 
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the cold room for 3 hours. Aliquots of the dialysate were hydrolyzed in 6 
n hydrochloric acid at 100° for 24 hours and the hydrochloric acid was 
removed by evaporation in vacuo. The dialysates and hydrolysates were 
desalted and concentrated in vacuo, and two-dimensional chromatograms 
were developed by the ascending technique, as previously described (2). 
The sheets were dried for at least 24 hours at room temperature between 
development in phenol and in lutidine and before spraying with ninhydrin 
for color development. The sheets were then dried in an oven at 100° for 
5 minutes. 

Quantitative determinations of total free amino acids and total dialyzable 
amino acids after acid hydrolysis were made by the method of Hamilton 
and Van Slyke (5) for plasma and that of Van Slyke, MacFadyen, and 
Hamilton (6) for urine. Glutamine was determined by the method of 
Hamilton (7), alanine by a slight modification of the method of Alexander 
and Seligman (8), and glycine by the method of Alexander, Landwehr, 
and Seligman (9). These three amino acids make up about 45 per cent 
of the total quantity of free amino acids of plasma. Urea was determined 
by the microdiffusion technique of Conway (10). 


Results 


Effect of Nephrectomy—The nephrectomized dogs and nephrectomized- 
dehepatized dogs were studied in pairs and were each given a 25 per cent 
solution of glucose, starting at the rate of 0.14 to 0.24 gm. per kilo per hour 
and increasing later to 0.28 to 0.36 gm. per kilo per hour. The experiments 
were concluded when the terminal symptoms of the dehepatized dog were 
well developed. The concentrations of free amino acids in the plasma 
of the nephrectomized dogs were normal (2.1 to 3.3 mg. of a-amino nitrogen 
per 100 ml.) at 11, 16, and 20 hours after operation but were elevated 
(4.8 to 9.8 mg.) at these same intervals after combined nephrectomy and 
hepatectomy. The concentrations reached after the combined operations 
were no greater than if only the liver had been removed. Increased 
concentrations of urea (33.6 to 63.2 mg. of nitrogen per 100 ml.) were 
found in the plasma after nephrectomy, but normal concentrations (9.3 
to 19.4 mg.) were found after the combined operations. The increase in 
a-amino nitrogen of plasma in the absence of the liver was much less than 
the increase found in urea nitrogen in the presence of the liver after ne- 
phrectomy. 

Effect of Glucose—Variations in the response of the amino acids of plasma 
to removal of the liver were produced by altering the amount of a 5 or 10 
per cent solution of glucose given to the dehepatized dog. When minimal 
amounts of glucose were given by continuous intravenous injection, a slow 
and progressive increase in the concentration of free amino acids in the 
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plasma occurred. Thus when a dog was given 0.14 gm. of glucose per 
kilo per hour, an amount which prevented symptoms of hypoglycemia 
but which did not provide an excess of glucose, the amino acid concentra- 
tion increased from 2.9 to 16.6 mg. of a-amino acid nitrogen per 100 ml. 
of plasma in 21.5 hours (Fig. 1). When glucose was not given until after 
symptoms of hypoglycemia developed, generally the increase in concentra- 
tion of the amino acids in plasma was more rapid. Thus the concentration 
of amino acids increased from 3.6 to 8.6 mg. of a-amino nitrogen per 100 ml. 


17+ 
Free amino acids 


Mg. N/100 ml. 


“NWA ADN 


2 4 6 8 10 12 14 46 18 20 22 
Hours 


Fic. 1. Changes in concentration of a-amino nitrogen of plasma at different 
levels of glucose administration. Dog 1 received 0.14 gm. of glucose per kilo per 
hour continuously. Dog 2 received no glucose for 8 hours, then 5 gm. to revive it 
from hypoglycemia, then 0.24 gm. per kilo per hour. Dog 3 received 0.38 gm. of 
glucose per kilo per hour continuously. 


in a dog in 8 hours. At this time the dog was hypoglycemic and was 
revived with a solution of 5 gm. of glucose given intravenously and then 
was maintained with a continuous injection at the rate of 0.24 gm. of 
glucose per kilo per hour to supply approximately the basal caloric require- 
ment. The decrease in amino acids that was observed persisted for some 
time but was followed by a gradual increase to 9.1 mg. per 100 ml. at 20 
hours after operation (Fig. 1). When relatively large amounts of glucose 
were given to the dehepatized dog, the increase in concentration of plasma 
amino acids was much smaller. Thus in a dog which was given glucose at 
the rate of 0.38 gm. per kilo per hour the amino acids increased only from 
4.5 to 5.6 mg. in 12 hours and to 7.6 mg. of a-amino nitrogen per 100 ml. 
in 16.75 hours (Fig. 1). When the amount of glucose injected was in- 
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creased to 0.68 gm. per kilo per hour, only 4.2 mg. of a-amino nitrogen per 
100 ml. of plasma were found 18 hours after hepatectomy. 

The effect of glucose is also shown in the composite picture of multiple 
samples of plasma from dehepatized dogs, some of which received minimal 
amounts of glucose throughout the experiments and others of which did 
not receive glucose until after they became hypoglycemic (Table I). There 
was considerable variation in the time of survival of these dogs and in the 
concentration of amino acids found in the plasma at any interval after 
hepatectomy. However, there were significant differences between the two 
groups of dogs. The mean concentration of 9.7 mg. of a-amino nitrogen 
per 100 ml. at 5 to 8 hours after hepatectomy for dogs which were allowed 
to become hypoglycemic was higher than the value of 5.5 mg. at the same 


TABLE I 
Total Free Amino Acids of Plasma after Hepatectomy 


Mg. a-amino nitrogen per 100 ml. 
Hrs. after operation 

With glucose Without glucose "ie 

0 3.6 + 0.1 (23)* | 

1.3- 4 4.4 + 0.4 (4) 5.740.6(4) | 

5 -8 5.5 + 0.3 (7) 9.7+40.7 (11) | 
9 -12 8.9 + 0.8 (7) _ 8.0 + 1.4 (4) 
13 -24 13.0 + 0.8 (6) | 8.7 + 0.8 (8) 


* The number following the + sign represents the standard error of the mean; 
the figure in parentheses represents the number of dogs. 


interval for the dogs which received glucose. The dogs which received an 
extra supply of glucose to revive them from hypoglycemia had a smaller 
concentration of amino acids in the plasma during the interval from the 
13th to the 24th hour after operation than did those which received mini- 
mal amounts of glucose throughout the experiment. 

When the total concentration of free amino acids of the plasma was in- 
creased markedly, an increase in the concentration of each of the three 
amino acids that were measured quantitatively was found. Some varia- 
tion was noted in the rate of increase of these individual amino acids, as is 
shown in Fig. 2, when alanine increased in concentration more rapidly than 
did glutamine, while glycine increased more slowly. 

The similarity in the rate of increase in concentration of the individual 
amino acids was, on the whole, more striking than were the differences. 
Glycine made up from 3.9 to 4.7 per cent of the total a-amino nitrogen at 
all intervals studied, alanine varied from 15.7 per cent at the time of 
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hepatectomy to 17.6 per cent at the longer intervals after hepatectomy, 
while the percentage of glutamine did increase from 24.6 to 35.8 per cent 
(Table IT). 

The mixture of free amino acids in plasma before and after hepatectomy 
is best illustrated by paper chromatograms. In chromatograms of plasma 


17+ | 
16}- | 
ISP Total amino acids 
4 
5 
S 12+ 
E 9 
8} 
= 7| 
6 
Ee 
S 4 Alanine 
° — 
2) ami 
Glycine 
1 
3 6 9 12 21 
Hours 


Fic. 2. Comparison of the rates of increase of the concentration of three indi- 
vidual amino acids and the total amino acids after hepatectomy. 


TaBLeE II 
Amino Acids of Plasma after Hepatectomy 


Glycine Alanine Glutamine 
| Per cent of total amino acids 


24.6 + 0.2 


0 4.7 + 0.5* 15.7 + 1.5 
1.3- 4 4.14 1.1 27.1 + 5.8 18.1 + 3.9 
5-8 4.624 0.7 22.0 + 3.3 26.7 + 4.0 
9 -12 4.44 0.7 21.3 + 4.0 29.4 + 2.6 
13-24 3.9 + 0.5 17.6 + 2.4 


39.8 + 3.9 


*NMean + standard error of the mean. 


from a dog maintained by a continuous injection of a small amount of 
glucose, as early as 2 hours after hepatectomy the yellow spot of proline, 
not seen in the control plasma, appeared, and some increase in size and 
density of other spots, indicative of an increase in concentration, was also 
seen. At 12 hours after hepatectomy, the increase in concentration of 
each amino acid seen on the chromatogram was noticeable. 
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A general increase in all of the amino acids was also noted during the 
interval in which hypoglycemia developed when the dehepatized dog was 
not given glucose, and many of these amino acids decreased in concentration 
when glucose was subsequently given. The most pronounced changes in 
individual amino acids were noted for alanine, arginine, and lysine, which 
often increased greatly during the hypoglycemic period and then showed 
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Fic. 3. The chromatogram on the left represents the control plasma; the one in 
the middle, plasma obtained 7.5 hours after hepatectomy before the administration 
of glucose; and the one on the right, plasma obtained 22 hours after hepatectomy. 
During the last 14.5 hours the dog was given two injections of 5 gm. of glucose as well 
as 0.22 gm. per kilo per hour of glucose continuously. Aliquots of dialyzed, desalted, 
concentrated plasma corresponding to 400 wl. of plasma were applied to each sheet 
at spot VY, and the sheets were developed in phenol and lutidine in the directions 
indicated by the arrows. 17, phenylalanine; 2, leucine; 3, valine; 4, proline: 5, argi- 
nine; 6, lvsine; 7, tvrosine; 8, alanine; 9, threonine: 10, glutamine; //, taurine: 12, 
glycine: 13, serine: 14, glutamic acid. The concentrations of total a-amino nitrogen 
in these three samples of plasma were 4.5, 12.6, and 7.6 mg. per 100 ml. 


marked decreases, which persisted for many hours after glucose was given 
(Fig. 3). 

Some measurements were made of the non-protein combined amino acids 
of plasma. In the control plasma, only a small additional amount of 
amino acids was liberated by acid hydrolysis of the plasma dialysate, and 
this varied from a few tenths to 1 mg. of a-amino nitrogen. Relatively 
little difference was noted in the chromatograms of the plasma dialysates 
before and after acid hydrolysis except for the increase in glutamic acid, 
due to the hydrolysis of glutamine, and the appearance of aspartic acid, 
which was not visible in normal plasma. The total quantity of combined 
amino acids in the plasma was greater after hepatectomy, when values 
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ranging from 1.2 to 3.4 mg. of a-amino nitrogen were found.  Hlowever, 
the relative amount of amino acids present in the free and combined forms 
did not change appreciably. The increase in the size of the spots of gly- 


16 


x x, 
Fic. 4. Chromatograms of plasma, 21.5 hours after hepatectomy, from a dog re- 
ceiving 0.14 gm. of glucose per kilo per hour continuously. The chromatogram on 
the left shows the free amino acids before acid hydrolysis, the one on the right after 
acid hydrolysis. Spot /6 is aspartic acid. The concentrations of total a-amino 
nitrogen in this plasma before and after acid hydrolysis were 16.6 and 20.0 mg. per 
100 ml. Spots defined in the legend to Fig. 3. 


TABLE III 


Urinary Amino Acids after Hepatectomy 


— - 


Conjugated amino 


Hrs. Volume Total dialyzable a-amino nitrogen ani 
mil. mg. per l. me. per hr. per cent total 
0 -3 35 316 2.45 33 
3 -— 6.25 60 257 2.46 48 
6.25- 8 37 235 2.88 42 
8 -12 66 255 2.39 39 


12. -16 IS 367 0.74 28 


cine, glutamic acid, and aspartic acid after acid hydrolysis indicates that 
an appreciable quantity of each of these amino acids had been present in the 
combined form (Fig. 4). The presence of a spot in the position of glut- 
amine (spot /0) after its hydrolysis shows that some other ninhydrin-react- 
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ing substance was also present, which according to Dent (11) might be 
citrulline or B-alanine. 

Under the conditions of our experiments we did not notice any marked 
variation in output of urinary amino acids related to the variations in the 
administration of glucose, Serial samples of urine from a dehepatized 
dog, which went without glucose for 8 hours and then was given glucose, 
showed a relative constancy in the output of amino acids per hour and in 
the proportion of amino acids excreted in the combined form (Table IIT). 


2 
2 3 


# | 
| 


x 


hie. 5. Chromatograms of urine. An aliquot of dialyzed, desalted, concentrated 
urine corresponding to 200 wl. of urine was applied at spot Y on the chromatogram 
at the left. The same quantity of urine which had also been hydrolyzed with acid 
was applied at spot X on the chromatogram at the right. The concentration of 
total a-amino nitrogen in this urine, collected from 4.5 to 9 hours after hepatectomy, 
increased from 16.0 to 26.8 mg. per 100 ml. during acid hydrolysis. Spots defined 
in the legend to Fig. 3. 


The decrease in excretion of amino acids noted during the final period re- 
flects simply the decreased volume of urine. 

Chromatograms of the free amino acids of urine show considerable 
similarity to those of plasma. The increased intensity of spots after acid 
hydrolysis shows clearly that a large proportion of amino acids is excreted 
in a combined form after hepatectomy (Fig. 5). Large increases in glycine, 
aspartic acid, and glutamic acid were found after acid hydrolysis. 


(C‘omment 


The kidneys do not play an important réle in the regulation of the level 
of free amino acids in the plasma. Normal values were found after bi- 
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lateral nephrectomy in the dog, and the increase following total hepatec- 
tomy was similar whether or not bilateral nephrectomy was also performed. 
These observations confirm those of Mirsky (12) on the nephrectomized 
dog and of Svedberg, Maddock, and Drury (13) on the dehepatized rabbit. 

Glucose in sufficient quantity can suppress the liberation of amino acids 
from the tissues or increase their uptake by the tissues from the plasma, 
and thus exerts its nitrogen-sparing action in the dehepatized dog. It has 
previously been shown that the oral administration of glucose will produce 
a decrease in the level of total amino acids of blood in normal (14, 15) 
and diabetic subjects (15) and in mental patients (16). A greater decrease 
was produced by the administration of enough insulin to produce hypo- 
glycemic shock (16). Insulin has been shown to have a similar effect in 
the normal fasted dog (17, 18) and in the eviscerated dog (12) or rat 
(19, 20) receiving glucose. | 

The observation that the concentrations of the different amino acids of 
plasma tend to change in the same direction, although not necessarily to the 
same degree, when changes in the total concentration of free amino acids 
are produced, has been made previously. Lotspeich (18) found a decrease 
in ten amino acids of dog blood following insulin administration; namely, 
arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, 
threonine, tryptophan, and valine. Harris and Harris (16) observed a 
decrease in seven of these, arginine, histidine, leucine, lysine, phenylalanine, 
tryptophan, and valine, as well as glutamine following the administration 
of either insulin or glucose to their patients. Some variation in the degree 
of decrease in the concentration of the individual amino acids was ob- 
served (16, 18), which seems to be related to the variation found in the 
proportions of these amino acids in body proteins (18, 21). Freeman and 
Svec (22) have found a qualitative difference in the response of the in- 
dividual -amino acids of plasma after hepatectomy in the dog. One group, 
glycine, glutamic acid, histidine, and lysine, consistently showed an in- 
crease Within 12 hours after operation; one group, arginine, leucine, methi- 
onine, tryptophan, and valine, decreased; and a third group of seven amino 
acids showed no consistent change. Freeman and Svec (22) administered 
glucose at the rate of 0.30 gm. per kilo per hour. 

In our experiments the pancreas was present and it is possible that the 
depression of amino acid accumulation by administration of glucose to 
the liverless dog occurred subsequent to increased insulin liberation by 
the pancreas. This is further suggested by the fact that a marked nitrogen- 
sparing action was elicited only when hyperglycemic levels were produced 
by glucose injection. Additional studies of the amino acid pattern of 
blood and tissues in the absence of the liver with and without insulin are 
being made. 
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Glycine, aspartic acid, and glutamic acid, which were so markedly in- 
creased after acid hydrolysis in the urine of the dehepatized dog, oceur 
largely im the conjugated form in normal urine (23, 24). The presence 
of combined amino acids in dialysates of plasma and urine in the dehepa- 
tized dog shows clearly that tissues other than the liver can conjugate 
amino acids. 


SUMMARY 


The kidneys do not seem to play a major réle in the regulation of the 
free amino acid level of the blood either in the presence or in the absence 
of the liver. The increase of amino acid nitrogen in the blood of dehepa- 
tized, nephrectomized dogs is less than the increase of urea which occurs 
in nephrectomized dogs. 

The individual amino acids appear to increase together in the plasma 
of hepatectomized dogs not receiving glucose or maintained with minimal 
amounts of glucose. Administration of large amounts of glucose mini- 
mizes the increase of amino acids of the plasma and will produce a decrease 
in the amount of accumulated amino acids. These observations suggest 
that glucose or insulin exerts a nitrogen-sparing action by increasing the 
rate of amino acid incorporation in the tissues. 

About the same proportion of the total dialyzable amino acid nitrogen 
of both plasma and urine was present in a combined form before and 
after hepatectomy. 


We wish to express our appreciation to Miss Irene Donovan, Miss 
LaVonne Fieck, Mrs. Juaneita Ogg, and Mr. Desmond Tulare for their 
assistance in this work. 
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EFFECT OF VITAMIN By ON THE BODY COMPOSITION 
OF RATS* 


By CHIUN T. LING anp BACON F. CHOW 


(From the Department of Biochemistry, School of Hygiene and Public Health, The 
Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, January 16, 1952) 


Of the numerous reports on vitamin Bj, few deal with its metabolic 
role. The results of Bosshardt (1), Chow (2), McCollum (3), and Rupp 
(4) and their associates suggest that vitamin B,2. may be involved in the 
utilization of carbohydrates and its transformation to fat rather than 
in protein metabolism. In this communication we wish to present some 
data which serve as additional evidence to substantiate this hypothesis. 
They deal with the effect of vitamin Bi. on the body composition of rats. 


EXPERIMENTAL 


Vitamin By2-Deficient Rats—Weanling rats of both sexes and adult male 
rats were used for this study. The weanling rats were born of mothers 
which were maintained on a soy bean meal diet! during the periods of 
pregnancy and were 25 to 30 days old at the start of the experiment. The 
average body weight of these animals was 35 + 5 gm. for both sexes. 
The adult male rats were born and raised by vitamin B,2-deficient mothers 
and were maintained on the soy bean diet for 4 to 5 months, at which 
time their body weights ranged between 170 and 220 gm. 

Composition of Diets—The two diets used in our experiment were de- 
signed to contain minimum amounts of vitamin By. Diet A consisted 
of 60 per cent of a commercial preparation of soy bean meal? and 40 per 
cent sucrose; Diet B of 68 per cent soy bean meal, 4 per cent cottonseed 
oil, 24 per cent sucrose, and 4 per cent Salts 4 (5). The usual vitamin 
supplements (6) were added to both diets. 

Determination of Composition of Carcass and Organs—Ten weanling 
rats were distributed at random into two groups of five animals each and 


*The authors acknowledge with thanks a grant-in-aid from The Upjohn Com- 
pany, Sharp and Dohme, Inc., Hoffmann-La Roche, Inc., and The National Vita- 
min Foundation. : 

' The soy bean meal diet consists of soy bean meal 62 per cent, corn oil 4.5 per cent, 
Salts 4 per cent, and sucrose 29.5 per cent plus fat-soluble and water-soluble vi- 
tamin supplements. 

* Sobee was kindly supplied to us by Mead Johnson and Company. It contains 
32 per cent protein, 19.2 per cent fat, 37 per cent carbohydrate, and 8 per 
cent minerals (ash). 


439 


440 EFFECT OF VITAMIN Biz ON METABOLISM 


were fed Diet A ad libitum. The rats on Diet A received 25 mugm. of 
crystalline vitamin Bz subcutaneously daily, except Sundays. Food con- 
sumption and body weight gains were measured. After a 5 week period 
the animals were anesthetized with sodium Evipal and most of the blood 
was withdrawn by heart puncture. Liver and muscle samples were im- 
mediately removed for determination of glycogen according to the pro- 
cedure of Good, Kramer, and Somogyi (7). After removal of blood and 
the abdominal viscera, the carcass was frozen with dry ice and ground in 
a meat grinder. The ground tissues were first extracted with hot 95 per 
cent alcohol, which removed water, part of the fat, and some nitrogenous 
compounds. To complete the fat extraction the dry tissue residue was 
refluxed for 72 hours in a Soxhlet apparatus with chloroform. Each of 
the alcoholic and chloroform extracts was evaporated to dryness at low 
temperature and extracted several times with ether. The lipide in the 
ethereal solutions was combined and dried to constant weight after evapo- 
ration of the solvent. Protein content (N xX 6.25) of the carcass was 
determined from micro-Kjeldahl analyses of a weighed portion of the 
entire fat-free dry residue. The two ether-insoluble fractions as well 
as the precipitate which appeared in the ethereal extracts after standing 
in a cold room overnight were combined with the extracted residue. This 
mixture was dried to constant weight at 110°. The difference between 
the wet weight of the carcass and the sum of the weights of body fat and 
total dry residue was taken as the water content. 

In addition to the weanling rats, ten adult male rats were distributed 
randomly into two groups and were fed Diet B. One group served as 
controls and the other received subcutaneously 0.5 y of vitamin By» three 
times per week for 12 weeks, at which time both groups of animals were 
sacrificed for the chemical analyses mentioned above. 


Results 


Effect of Vitamin Bi. on Carcass and Lier Composition of Deficient 
Animals—Body weight and carcass composition are reported in Table I. 
As would be expected, greater weight gains were observed with the weanling 
rats receiving vitamin B,2, being 112 gm. for the injected animals and 23 
gm. for controls. After the removal of the abdominal organs and blood, 
the average carcass weight was 117 and 45 gm. respectively. Chemical 
analyses on the carcass of both groups of animals gave essentially the 
same percentage of body protein, but a marked difference in the fat con- 
tent, 16.6 per cent for the vitamin B,2-injected animals and 4.3 per cent for 
the control group; P < 0.001. Our data show a slightly higher content 
of muscle glycogen for the vitamin B,.-injected group of young rats, but 
this difference was not statistically significant. 
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Similarly, the adult rats which received vitamin B,2 by injection gained 
51 gm. more in body weight than did the control animals during a 12 week 
period. Analysis of the carcass composition of both groups of animals 
showed no significant difference in percentage of body protein or muscle 


TABLE I 
Ca arcass om position of Vv ‘Utamin B,.-Injected and Deficient Rats 


Young rats ites and females) | Adult male rats 
Vitamin injected Deficient injected Deficient 

Gain in 76 42 

weight, gm. | | 
Carcass weight, gm. 7 + 10.0* 45 + 3.4* 267 + 6.8* 216 + 8.5* 
Body protein, % | 17.4 + 0.70 18.0 + 17.0 + 0.36| 16.0 + 0.59 

16.6 + 0.71 4.3 + 0.58 | 15.0 + 0.46 | 11.0 + 0.59 

“ water, % (58.6 4+ 0.45 67 O + 1.42 | 62.0 +1.6 (72.0 +1.3 
Muscle glycogen,% 0.66 + 0.048 0.54 + 0.019 0.52 + 0.027; 0.58 + 0.022 
Protein to water 1:3.8 1:3.6 1:4.4 


* Standard error ‘a the mean. 


TaBLe II 
Per Cent Composition of Liver of Vitamin Bi-Injected and Deficient Rats 
Young rats (males and females) | Adult male rats 
| 
Vitamin Bi-injected Deficient | Deficient 
3.3 + 0.06 4.6 + 0.17* | 3.0 £0.10 3.7 + 0.10 
Body weight | | | 
Nitrogen............. 8.5 40.138 3.8 40.15 3.4 + 0.87 3.4 + 0.97 
5.5 +0.40 4.9 +0.43 4520.11 4.6 + 0.22 
........... 60+ 0.11 0.67 + 0.26 2.3+0.18 2.1+ 0.18 


error of the mean. 


glycogen, but significant differences in body fat as well as in body water, 
with P values less than 0.01 in both cases. 

Data on the composition of livers of both young and adult rats in the 
injected and control groups are presented in Table II. Significant differ- 
ences in the composition of the livers of either weanling or adult rats were 
not found. The livers of the deficient rats were relatively heavier. 


DISCUSSION 


The so called animal protein factor is generally believed to be mee 
associated with vitamin B, or identical with it. The name implies that 


XUM 


442 EFFECT OF VITAMIN Bio ON METABOLISM 


this vitamin might play a role in protein utilization. In harmony with 
such a concept one may cite the work of Catron et al. (8) and Cunha et al. 
(9) who demonstrated that vitamin By. increased the growth rate and, at 
the same time, the feed efficiency. However, the greater rate of increase 
in body weight was invariably accompanied by a marked increase in food 
intake. It is therefore of interest to ascertain the effect of vitamin B,, 
deficiency and its repletion on the carcass composition of rats. Such 
information may provide some evidence on the metabolic réle of vitamin 
Biz. Our data demonstrate that the deficient animals had an abnormally 
low content of carcass fat which could be increased by the administration 
of vitamin By. No change in protein content was observed during the 
deficiency or after vitamin By. administration. If the utilization of pro- 
teins were improved as the result of administration of vitamin By», one 
might expect an increase in nitrogen retention. This phenomenon was 
not observed after injection of vitamin By, into our deficient rats. Thus, 
under our experimental conditions the administration of vitamin By. did 
not in any of the ways measured here alter nitrogen retention. Hence, 
it is probable that the apparent increase in the feed efficiency is related 
to the better utilization of sources of calories (carbohydrates or fats) rather 
than proteins. These results support our concept that vitamin By defi- 
nitely plays a réle in restoring the abnormally low fat content of the car- 
cass of the deficient animals to normalcy. 

The body water content of vitamin Bys-deficient animals, both young 
and adult, was approximately 10 per cent higher than in their litter mates 
receiving vitamin By. This difference, though statistically significant, 
might be a reflection of a decrease in carcass lipide without other change. 
However, it is of interest to note the difference in the ratio of protein to 
water in the carcass: 1:3.8 and 1:4.4 for the young and adult deficient ani- 
mals and 1:3.4 and 1:3.6 for the young and adult controls, respectively. 
In this connection, we have frequently observed slight edema on the paws 
of vitamin By-deficient rats, especially after they have been maintained 
on experimental diets for long periods of time (3 to 4 months). These 
findings are in harmony with those of Meulengracht et al. (10) who re- 
ported that water retention was a characteristic symptom of pernicious 
anemia in relapse, owing probably to kidney insufficiency as shown by 
water excretion tests. Thus, the specific gravity of urine of their patients 
was usually high and the blood urea was higher than normal in the majority 
of cases. The results suggest that vitamin Bj. may also have a réle mn 
maintaining kidney function. Thus, deficiency of vitamin By. can cause 
kidney insufficiency. This hypothesis, though lacking in definite exper'- 
mental proof, receives some support in the observation of Zucker and 
Zucker (11), which was later confirmed by Hartman et al. (12) and by 


oor 


| 
Se 
q 
| 
U al 
i 
ti 
7( 
of 
el 
fo 
Dt 
3 
W 
in 
| fic 
in 
in 
ra 
4 
6 
7 
| 
9 
| 10. 


Cc. T. LING AND B. F. CHOW 443 


Schultze (13), that high blood urea levels and renal hypertrophy fre- 
quently occur among deficient animals. The observations of Chow e¢ al. 
(14) that the kidneys of rats contained much of the radioactivity of Co®- 
tagged vitamin B,2 following subcutaneous or oral administration may be 
of significance in this connection. The fact that vitamin By»-deficient 
rats had higher liver weights per 100 gm. of body weight may be explain- 
able on the basis that such animals were stil] able to form or maintain their 
liver tissue near the normal level, while their ability to synthesize body 
tissues had been impaired. This hypothesis is plausible from the experi- 
mental evidence of Rosenthal et al. (15) that, after operative removal of 
70 per cent of the liver from rats, both regeneration of liver protein and 
mitotic activity of the liver cells were not altered by preoperative depletion 
of protein or postoperative fasting. Thus, the liver seems to have prefer- 
ential accessibility to the nutritive pool of the body when intake is in- 
sufficient to meet all demands. 


SUMMARY 


The administration of vitamin B,2. to the weanling young of female 
rats deficient in this vitamin enhanced the growth rate and increased the 
food intake. Analyses of the carcass of rats demonstrated that, on a 
percentage basis, animals with vitamin By: deficiency have low fat, high 
water, and normal protein contents. The two abnormalities could be 
corrected by injection of vitamin Biz. Livers of both young and adult rats 
in the control and injected groups showed no significant differences in per- 
centage composition of glycogen, nitrogen, or fat. However, in the de- 
ficient animals the body weight was smaller relative to the liver weight 
in comparison with the injected controls. These results are taken to 
indicate that this vitamin plays a réle in carbohydrate or fat metabolism 
rather than in protein metabolism. 
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THE MOLECULAR TRANSFORMATIONS OF ACTIN 
I. GLOBULAR ACTIN* 


By W. F. H. M. MOMMAERTSt 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, April 10, 1952) 


The present series of papers deals with the mechanism of the polymeriza- 
tion of the muscle protein, actin. Interesting aspects of this reaction have 
been recognized in crude preparations (9, 17). The present quantitative 
studies became possible after the protein had been obtained in pure form. 

The method of purification of actin has, in principle, been outlined in a 
previous paper (10). Additional experience now warrants a detailed de- 
scription of this procedure, together with a report on some of the properties 
of this protein, notably its degree of purity and its molecular weight.! 


Methods 


Although actin does not display the same sensitivity toward heavy 
metals as does myosin, traces of metal ions must be excluded during the 
preparation. All solutions were, therefore, prepared with water purified 
by filtration through a mixed bed ion exchange resin. 

The adenosinetriphosphate (ATP) used was a commercial preparation, 
the purity of which was tested chromatographically (Cohn and Carter 
(4)). 

Protein nitrogen was determined by the Kjeldahl procedure, according 
to Hiller et al. (8), but with the boric acid titration. 

Ultracentrifugal sedimentation was studied in the analytical ultracen- 
trifuge of the Specialized Instruments Corporation, Belmont, California. 
The preparative ultracentrifuge of the same manufacturer was used for 
large scale separations. 

Turbidity measurements were performed by the procedure of Brice et al. 
(1)? which has been verified experimentally to within 1 to 2 per cent (11). 


*This investigation was supported by a research grant, No. H299, from the 
National Heart Institute of the National Institutes of Health, United States Public 
Health Service. 

t This work was performed during the tenure of an Established Investigatorship 
of the American Heart Association. 

‘Following the notation introduced by Szent-Gyérgyi (18), globular actin will 
be abbreviated to G-actin, or sometimes actin, as such. The fibrous modification 
will be called polymerized, fibrous, or F-actin. . 

* The equipment was constructed by the Phoenix Precision Instrument Company, 
Philadelphia. 


445 


446 GLOBULAR ACTIN 


A few modifications have been added in this laboratory (11), notably the 
use of a diagonally placed quarter wave plate in front of the photomultiplier 
cell, to abolish the difference in response to horizontally or vertically polar- 
ized light, without appreciable loss in sensitivity. 

Before a series of measurements, a stock solution of actin was centrifuged 
for 2 hours at 30,000 r.p.m., whereupon its nitrogen content was determined 
in quadruplicate. The nucleotide N (determined spectrophotometrically) 
was subtracted from the total N, a correction usually amounting to about 
2 per cent. A series of dilutions was prepared by mixing aliquots of pro- 
tein solution and diffusate of the same pH. Each solution was then clari- 
fied by filtration under pressure through ultrafine fritted glass filters. The 
filtrates were collected in 3 K 3 XK 8 cm. scattering cells and measured as 
such. All operations were carried out in the cold room, and the cuvettes 
were warmed to room temperature immediately before measurement. 

The refractive index increment was determined with the differential re- 
fractometer of Brice and Speiser (2).2, With this instrument, the refractive 
index difference is obtained from the experimentally determined scale dis- 
placement by multiplication with an apparatus constant, k. The appa- 
ratus was calibrated with water versus pure deuterium oxide, according to 
the constants found by extrapolation of measurements on mixtures of 
H.O and D.O (Tilton and Taylor (20)). A value of k = 0.000996 was 
obtained (individual determinations 0.00098,, 0.001000, 0.000995, 0.00100.). 

The nitrogen contents of the actin solutions prepared for the measure- 
ments were determined as for the turbidity measurements. The solutions 
were measured at 25.2° against pure water, and from the refractive index 
difference so obtained the increment due to the nucleotide was subtracted. 


Preparation of Globular Actin 


Dry Muscle Powder—The first part of the method, including the prepa- 
ration of the muscle powder, is derived from Straub’s work (16, 18). Rab- 
bits are treated as described for the preparation of myosin (12).* Chilled 
muscle is ground coarsely in a motor-driven meat grinder and is then 
treated as in Straub’s original procedure. Dry powders of beef heart have 
been obtained by the same procedure. The powder thus prepared should 
be kept in a dry atmosphere at low temperature. Even so, its stability 
is limited and variable; usually the powder deteriorates in a few weeks. 
The amount of actin obtainable from an aged preparation may be greatly 
increased by extracting it with ATP solution instead of water (see below). 

Crude Actin Solution—50 gm. of dry muscle powder are extracted for 30 
minutes with 1 liter of water or 2 & 10-4 mM ATP solution, with occasional 


3 Dr. Philip Khairallah of this laboratory has introduced the use of tubocurarine 
as an alternative method to secure relaxed muscle. 
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stirring. The extraction should be conducted at pH 8.0 to 8.5, the pH 
which is usually established without further adjustment if the powder is 
prepared correctly. The suspension is filtered through paper by suction 
and reextracted with 300 ml. of water. The combined extracts, amount- 
ing to about 800 ml., are clarified by centrifugation for 1 hour at 10,000 
r.p.m. 

"Utiracentrifugel Purification—20 ml. of 2 m KCl are added to the solu- 
tion of impure actin, and polymerization is allowed to proceed for several 
hours at room temperature. Usually the material is left standing over- 
night at this stage. ‘The polymerization process is followed by observing 
the increase in flow birefringence, by placing a 2 cm. thick layer of solution 
ina 100 ml. beaker with isotropic bottom and swirling it between crossed 
polaroids. Good preparations show intense light, as well as some inter- 
ference colors. 

The F-actin is centrifuged in two batches in the 420 ml. capacity rotor 
at 30,000 r.p.m. for 2 hours, the second batch being sedimented on top of 
the first pellets. The supernatant solutions, which are devoid of birefring- 
ence, are discarded. The pellets are dissolved in the cold in 400 ml. of 
water containing 50 mg. of ATP at pH 8.2. Solution requires rapid stirring 
for 2 hours. The actin at this stage is partly depolymerized. KC) is 
added to a final concentration of 0.05 M, and the fibrous actin (after stand- 
ing overnight) is again collected by ultracentrifugation for 3 hours. 

The sedimented protein is dissolved at pH 8.2 in 200 ml. of water contain- 
ing 50 mg. of ATP, as described previously. Between crossed polaroids, 
this solution shows intense interference colors and indications of striation 
and of tactoid formation. The solution is now dialyzed with gentle stirring 
against 1500 ml. of 10-* m ATP solution, pH 8.2, under nitrogen. <A few 
ml. of toluene are added to the solutions. After 2 days in the cold, during 
which time the diffusate may be changed once, depolymerization is com- 
plete. The solution is filtered through paper and then centrifuged for 2 
hours at 30,000 r.p.m. The average yield is 1000 mg. of pure actin. 

In order to prevent undue prolongation of the depolymerization process, 
it is not practicable in this last step to work with actin solutions more 
concentrated than 0.5 to 0.8 per cent. Subsequent dialysis against dex- 
trane can serve to increase the concentration. 


Ultracentrifugal Sedimentation 
Theory 


Study of actin in the ultracentrifuge is complicated by the fact that the 
native protein can exist in the globular state only in the absence of salt, 
since added electrolyte elicits polymerization. Consideration must there- 
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fore be given to the influence of charge effects upon the sedimentation 
velocity.‘ 

The primary charge effect (Tiselius (21), Pedersen (14)) results from the 
circumstance that negatively charged protein ions sediment faster than 
their counter-ions, thus creating a retarding potential along the direction 
of sedimentation. In the case under consideration, the electrolyte is pres- 
ent in low concentration, but, owing to the presence of ATP, does not 
exclusively consist of the counter-ions of the negatively charged protein, 
The following equation then holds, 


sp = | 1 | 
VCpUp + (1) 
t 


in which s,’ is the observed and s, the true sedimentation constant of the 
protein; cp, the concentration of the protein ions with charge v; c, the 
concentrations of the various other ions with charges yu;; up, and u; the 
electrophoretic mobilities of the protein ions and the other ions. 

While present knowledge regarding actin is insufficient to permit appli- 
cation of Equation 1, two useful deductions can be drawn. 

First Experimental Criterion——If « is the electrical conductivity of the 
entire solution, and F represents 96,500 coulombs, the following relation 
holds (14). 


+ = = (kp + «i)/F (2) 


Hence, equation 1 becomes 


The total conductivity k consists of the contributions of the protein, ky, 
and of the additional ions, «;. If a small amount of solvent with miscel- 
laneous ions were separated from the solution by equilibrium dialysis, the 
experimentally measurable conductivity difference between « and the con- 
ductivity of the diffusate xq would yield «x, if no counter-ions were retained 
by the protein during dialysis. In the presence of a Donnan effect, the 


expression 
Kd 
== Sp | = Sp (4) 
K 


represents an overcorrection and indicates the maximal value which the 
deviation of s,’ from s, could assume. 


¢(G-Actin is stable in 0.5 m KI (ef. (19)), but this is due to the negative charging 
effect of the iodide ion. This would, therefore, still leave some uncertainty, whereas 
the secondary charge effect would become appreciable. 
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Second Experimental Criterion—Considering Equation 1, it will be seen 
that s,’ equals s, for .c,u; >> ve,u,. Therefore, if at constant electrolyte 
i 


medium ¢, is reduced, s,’ will approach s, for all cases in which Equation 1 
is valid. This extrapolation is only reliable, however, when the deviations 
are relatively small as judged by application of the first criterion. 

Secondary Charge Effect—If the solution, in addition to the protein, 
contains a large amount of an electrolyte, the cations and anions of which 
have different mobilities, a potential gradient is established along the cell, 
which accelerates or decelerates the sedimentation of the protein at all 
concentrations of the latter. This effect is usually small (Pedersen (14)). 
It may be appreciable in the present case, notwithstanding the low con- 
centration of electrolyte, on account of the large difference in sedimenta- 
tion between the IX and the ATP ions. <A detectable redistribution of 
ATP does indeed occur during a sedimentation run. 


Results 


Studies with the ultracentrifuge have primarily been undertaken to es- 
tablish the purity of the actin preparations obtained. While singularity 
of the sedimenting boundary is not complete proof of purity, the method 
nevertheless permits detection of impurities in many Cases. 

As illustrated by Fig. 1, a, the crude actin preparations were hetero- 
geneous. After one ultracentrifugal purification cycle, the protein showed 
one main boundary, with an indication of the presence of several per cent 
impurity. After a second cycle, the protein appeared essentially pure 
(Fig. 1, ¢). 

Attempts have been made to determine the sedimentation constant 
8) With due regard to the criteria developed in the preceding section. 
To assure applicability of the extrapolation procedure, it was intended to 
measure the conductivity difference between dialysate and diffusate, but, 
because of the slow permeation of the nucleotide through membranes, 
dialysis equilibrium could not be reached within practicable times. Owing 
to nucleotide retention, ultrafiltration was likewise unsuitable. It was 
found, however, that after prolonged dialysis of concentrated actin solu- 
tions conductivity differences of the order of 50 per cent were approached; 
these were small enough to warrant evaluation of the ultracentrifugal 
measurements by the extrapolation procedure. 

Determinations of the sedimentation constant made at various concen- 
trations and at two pH values are illustrated by Fig. 2. An extrapolated 
Value of soo. = 2.8 & 10-" resulted. This value was not constant, results 
as high as 3.1 & 10°° having been obtained in other series. This may 
have been due to the variable magnitude of the secondary charge effects. 

Within the range of pH values investigated, there were no indications of 
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reversible formation of dimers or oligomers. Such a process may occur at 
more acid reaction, but would be difficult to separate experimentally trom G 
the acid-induced polymerization. : 
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Fic. 1. Ultracentrifugal sedimentation patterns of actin before and after purifica- 
tion. All runs were made at 59,780 r.p.m. The times of sedimentation (minutes) 
corresponding to each diagram are indicated. a, impure actin, unpolymerized; b, | 
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Complete Polymerization—The ultracentrifuge provided a second criterion 
of purity in this particular case, since it permitted a test of the complete- 
ness of polymerization after the addition of salt. It can be seen (Fig. 
1, b) that the addition of salt to a crude actin preparation still left an ap- 
preciable amount of slowly sedimenting protein. With the purified prep- 
aration, no detectable protein was left behind, as will be illustrated by 
several diagrams in Paper II. 


Light Scattering Measurements 
Theory 


The theory of the evaluation of light scattering measurements has been 
treated elsewhere (Oster (13), Doty and Edsall (5)). However, a few 
remarks must be made with reference to the fact that actin solutions do 
not contain sufficient electrolyte to suppress the electrostatic repulsions 
between the molecules. This problem has been investigated theoretically 
by Doty and Steiner (6) and experimentally by Edsall e¢ al. (7), who have 
shown that in such cases the observable turbidity is decreased by inter- 
ference in the semiregular lattice arrangement of the charged molecules. 
This effect can be eliminated by addition of salt or by extrapolation of the 
measurements to zero concentration. Only the latter method is applicable 
to G-actin. 

In the absence of any interaction effect, the results of light scattering 
measurement can be expressed in terms of the reciprocal turbidity function, 


He/r = M™ (5) 
in which c is the concentration of protein in gm. per liter, 7 is the turbidity, 


M the molecular weight, and H a parameter containing a number of factors 
which are constant for all measurements of the same type, 


327 n?(dn/dc)? 
3NM 


H (6) 


in which no is the refractive index of the medium, dn/dc the refractivity 
increment due to protein, and N is Avogadro’s number. 

The effect of intermolecular repulsions has been considered by Doty and 
Steiner (6) in terms of an excluded volume of diameter 6 (distance of 
closest approach) around each molecule, leading to a total excluded volume 


fraction, ¥/V, of the solution. Their formula can be rewritten as 
1 He v 


It is seen that at finite concentration the reciprocal turbidity function 
is increased (the turbidity decreased) by a factor determined by the total 
excluded volume, ¥/V, and by a function, ¢, which depends on several 
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factors (the distance of closest approach, 6; the phase difference, k = 
2 r/d; the angle under which the scattered light is measured, s = 2 sin 
(0/2); in the present case, 6 = 7/2). In the given case, ¢@ does not. differ 
greatly from unity. 

At zero concentration, as Y vanishes, the factor in brackets approaches 
unity. The true molecular weight is therefore obtained by extrapolation 
of the reciprocal turbidity function to zero concentration. 


3 


REFRACTIVE INDEX INCREMENT x 104 


O 10 20 30 
OPTICAL DENSITY AT 260 my 

kia. 3. Refractive index increment of ATP solutions, the concentrations of which 
are expressed in terms of optical density. 


Results 


Refractive Index Increment—Since the actin solutions contained ATP, a 
correction for the refractivity increment due to this substance has been 
applied. This was obtained from measurements of pure ATP solutions, 
pH 7.8, at low concentrations. According to Fig. 3, a linear function is 
obtained, and hence the correction to be applied to actin solutions can be 
found from the nucleotide concentration as determined spectrophotomett!- 
cally. It was tacitly assumed that the measurements on ATP solutions 
also apply to any bound ATP in the actin. The correction being small, no 
significant error can be introduced by this uncertainty. 

The determinations on actin were performed at pH 7.8 to 8.0 with light 
of the blue mercury line. As shown in Fig. 4, the refractivity increment 


is a linear function of the protein concentration, and a value of dn/de = 
0.170 resulted. This number is much lower than the standard values 
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around 0.190 found for other proteins (see the compilation by Doty and 
Edsall (5)).6 A similar result was obtained with F-actin in 0.1 Mm KCI. 
Depolarization Measurements—The depolarization of the scattered light 
was not investigated extensively. Orientating measurements yielded val- 
ues of the order of 0.02 for the depolarization of unpolarized incident 
light, and somewhat smaller numbers for that of a vertically polarized 
incident beam. Consequently, the depolarization correction for the tur- 
bidity according to Cabannes (3) was about 4 per cent. 
Turbidity—Measurements of the scattered light were corrected for that 


@ 
i 


REFRACTIVE INDEX INCREMENT x 104 


0 0.002 0.004 0.006 
GRAM ACTIN PER ML. 
Fic. 4. Refractive index increment of actin. Broken line, average value for other 
proteins. 


due to the solvent and to reflections in the cuvette by subtraction of a 
blank value. At low concentrations, these corrections reached values up 
to 25 per cent of the measured turbidities. Only the measurements in blue 
light were evaluated. With green light the conditions were less favorable. 
On the one hand, while the turbidities were lower, the effect of dust was 
relatively higher in the green. Experience with pure salt solutions has 
indicated that dust levels too small to affect measurements with the blue 
mercury line may still influence measurements in the green. On the other 
hand, the response to spurious light in the present apparatus was higher 
in the green than in the blue light. Therefore, while the results with green 
light were in general agreement with those in the blue, their accuracy at 


* With the same instrument, a value of 0.185 was obtained for myosin in 0.5 mM KCl 
(Mommaerts and Rupp, in preparation). 
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turbidity levels of the order of 10~* was less and hence their evaluation was 
not deemed advisable. 

Results obtained at pH 7.8 to 8.0 are given in Fig. 5. It is seen that the 
dependence of the reciprocal turbidity factor upon the concentration js 
compatible with the theory of Doty and Steiner. After application of 
the depolarization correction, a molecular weight of 57,000 was obtained 
from these data. Owing to the experimental difficulties, this result js 
uncertain by 5 to 10 per cent. 


0.30 


0.20- 


0.001 0.002 0.003 
CONCENTRATION 
Fic. 5. Plot of the reciprocal turbidity function, He/r = 1/M as a function of 
the actin concentration. 


RECIPROCAL TURBIDITY FUNCTION x 107 


| Miscellaneous Data 


Analysis of pure actin preparations gave a nitrogen content of 15.29 per 
cent and a sulfur content of 1.3. per cent. The slightly lower values 
reported earlier (10) on the first purified preparations may in part be 
ascribed to contamination with lipide. The pure preparations may con- 
tain about 1 per cent lipide. It is not known whether this is an essential 
part of the actin molecule. 


DISCUSSION 


The data presented in this paper serve to characterize globular actin, 
which, as prepared by the method described, appears to be a pure protein. 
This conclusion rests on observations with the ultracentrifuge, but has not 
yet been substantiated by other criteria. The phase rule solubility test 
seems to offer unsurmountable difficulties, since it has not yet been feasible 
to separate precipitation and polymerization under suitable circumstances. 

The evidence from ultracentrifugal studies consists of several arguments. 
Whereas the sedimentation diagram of crude G-actin shows several com- 
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ponents, purified actin shows one boundary only. The procedure, there- 
fore, has removed the gross impurities which were originally present. The 
fact that an ATP gradient is superimposed upon the protein pattern confers 
some dissymmetry upon the boundary. Since the actual distribution of 
ATP in the boundary is not known, and since the charge effects themselves 
may have a distorting influence, it is not fruitful to evaluate the shape of 
the pattern quantitatively. The conclusion that the protein is homo- 
geneous is uncertain to the extent that the solution may contain molecules 
of different size, shape, and composition, but with the same sedimentation 
constant. | 

Further support is provided by the fact that the protein is completely 
transformed into a polymer product after addition of salt. This observa- 
tion means that, even if G-actin were a mixture of molecules of the same 
sedimentation constant, but of different composition, all these molecules 
would take part in the polymerization process and would, by definition 
(10), be actin. 

The application of the polymerization test is of more critical value than 
the mere inspection of the sedimentation diagram of G-actin. In crude 
solutions, the latter frequently shows only a minor amount of heavier 
material, the bulk of the protein sedimenting in one main boundary. Only 
part of this, however, polymerizes (Fig. 1, b). Usually, the initial extract 
is about 50 per cent pure; this improvement over the earlier results ((10), 
20 to 40 per cent purity) has been achieved by meticulous care at all stages 
of the procedure. A preparation of 80 to 90 per cent initial purity has been 
obtained on one occasion. 

The sedimentation constant seo, = 2.8 to 3.1 has been obtained with 
due reference to the primary charge effect. The secondary charge effect, 
however, could not be evaluated. It is probably considerable, since in 
different experimental series the extrapolated value of s20,~ is not exactly 
reproducible. <A protein of average density and of a molecular weight of 
57,000 would have a sedimentation constant somewhat higher than 4. 
The lower value found may in part be due to an anisometric molecular 
shape, but it is more probable that the secondary charge effect accounts 
for the deviation. A sedimentation constant of 3.7 was found by Portzehl 
et al. (15) for the main component in crude actin solutions. Owing to the 
lower nucleotide content in such solutions, the secondary charge effect 
interferes less under those conditions. In view of the high lability of 
pure actin, the ATP concentration cannot be arbitrarily reduced. 

Since the charge of the protein molecule depends on the pH, it would be 
expected that at more alkaline reaction the sedimentation constant at 
finite concentration would be depressed more. This was not observed. 
At alkaline reaction the ATP is more strongly ionized, and hence the ionic 
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strength is higher. These factors apparently compensate each other ap- 
proximately. 

A value of 57,000 was found for the molecular weight. Owing to the 
experimental difficulties, this value is only approximate. ‘The results, in 
view of the theory of Doty and Steiner, suggest that repulsive forces act 
between the molecules. Application of Equation 7 leads to an estimate 
of 250 A for the distance of closest approach. This is somewhat lower 
than has been found for salt-free serum albumin (about 400 A, 6), but this 
difference is plausible, since actin solutions contain some electrolyte in the 
form of ATP which must diminish the effectiveness of the repulsions at 
long distances. With this value it is found that the entire excluded volume 
does not approach the total volume of the solution until the protein concen- 
tration amounts to 0.5 per cent. A linear concentration dependency of 
the reciprocal turbidity function, as found, was to be expected, since in 
the range of concentration used in this work no interpenetration of molecu- 
lar territories occurs. 


SUMMARY 


A method has been described for the preparation of globular actin by 
ultracentrifugal isolation of F-actin, followed by reversible depolymeriza- 
tion in the presence of ATP. The protein appeared to be pure by two 
independent criteria: ultracentrifugal homogeneity and complete trans- 
formation into F-actin. 

Light scattering measurements yield a value of 57,000 for the molecular 
weight and have permitted the estimate that in solutions of G-actin electro- 
static repulsions prevent the approach of the individual molecules to dis- 
tances closer than about 2.5 & 10-* cm. 


Addendum—In a recent publication by Steiner, Laki, and Spicer (22) some light 
scattering measurements on actin, and a value of its molecular weight, are reported. 
These measurements were performed on unpurified preparations. 
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As discovered by Straub (14), the muscle protein, actin, can occur in 
two states which have been called globular and fibrous actin. The G-F 
transformation is elicited by the addition of neutral salts (14) and is re- 
garded (14, 8) as a polymerization process, which occurs predominantly in 
a longitudinal direction. Physically, it becomes observable by a rise in 
viscosity and the appearance of flow birefringence (14), by its capacity to 
form contractile actomyosin (14), and by a rise in turbidity (11). 

The present study of the polymerization process provides a characteriza- 
tion of this event in molecular terms. 


EXPERIMENTAL 
Methods 


The preparation of pure globular actin has been described in detail in 
Paper I (10). Polymerization was induced by the addition of salt (usually 
KCl to a final concentration of 0.1 M) at a specified pH. 

Ultracentrifugal sedimentation studies and light scattering measurements 
were performed as indicated in Paper I (10). Determinations of pH were 
performed, when high accuracy was needed, with the research model pH 
meter of the Cambridge Instrument Company, with a condenser type glass 
electrode according to MacInnes and Belcher (7). 


Results 


Changes in pH—In the entire range of acidities investigated, addition 
of salt to a solution of G-actin caused an immediate drop in pH, not fol- 
lowed by any further acidification or its reversal during polymerization 
(Fig. 1). It must be remarked, however, that this effect cannot be ascribed 
to the influence of salt upon the titration curve of actin, in analogy with 


* This investigation was supported by a research grant, No. H229, from the Na- 
tional Heart Institute of the National Institutes of Health, United States Public 
Health Service. 

t This work was performed during the tenure of an Established Investigatorship 
of the American Heart Association. 
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the results of Cannan ef al. on other proteins (2, 3). Actin solutions con- 
tain adenosinetriphosphate (ATP), the ionization of which is markedly 
affected by salt.!. It was found that the acidification occurring in an actin 
solution after the addition of salt is of the same order of magnitude as 
that observed in an ATP solution of the same concentration, only an inap- 
preciable binding of base remaining for the protein. Presumably, there- 
fore, the ionization of ATP is itself affected by its binding to actin, and an 
interpretation of these effects cannot yet be attempted. 


9.00 + 


8.00 + 


700 + | 


6.00 
0 2 4 6 8 10 12 
TIME IN MINUTES 
Fig. 1. pH changes during the polymerization of actin. At zero time, KC] was 
added to a final concentration of 0.1 M. _ 


| 


pH 


Changes in Turbidity—After the addition of salt to a solution of G-actin, 
a strong rise in turbidity occurs coincident with the progress of polymeriza- 
tion, of which, indeed, it is the best available physical criterion. 

It has been reported previously (11) that the turbidity change follows a 
biphasic course: an immediate rise followed by a more gradual increase, the 
first change being an expression of the elimination of the charge effect (4, 
5, 10). This observation was repeated with pure actin preparations, and 
it was usually found that the turbidity increases slowly at first, reaching 
its maximal speed after a few minutes. A few examples are given in Fig. 2, 
expressed in terms of the apparent turbidity (9). 

Turbidity and pH—The results indicated in Fig. 2 illustrate the great 


1 In preparation; see Green and Parrish (6). 
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dependence of the polymerization velocity upon the pH. At pH 6, for 
example, polymerization proceeds so rapidly that its measurement is no 
longer feasible with the present technique, unless studied at low concen- 
trations. 

In the range of alkaline reactions, the end-value obtained does not de- 


0.009 
0.008 1 
0.007 + 
0.006 


pH 6.0 


0.005 
pH 6.4 


0.004 


0.003 - 


APPARENT TURBIDITY 


pH 6.9 
0.002 - 


0.001 - 


ONE-MINUTE INTERVALS 

Fic. 2. Changes in turbidity (not corrected for dissymmetry and depolarization) 
during the polymerization of actin at various pH values. Protein concentration 0.96 
mg. per ml. 


pénd upon the pH. At lower pH values, however, exceedingly high tur- 
bidities are reached (Fig. 3). 

Observations with Ultracentrifuge—At alkaline reaction (Fig. 4) only one 
sedimenting component is obtained. This peak is sharp at the solvent 
side, but spreads more rapidly towards the solution. Its spreading during 
the run can be observed best from its decrease in height rather than from 
its widening. 

The relative sharpness of the sedimenting boundary cannot be taken as 
evidence that F-actin is homogeneous in the sense in which this term is 
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employed with respect to proteins of lower molecular weights. Since 
F-actin is formed from actin monomers by linear polymerization, a sta- 
tistical distribution of lengths may be assumed to be the underlying cause 
of the polydispersity. 

At less alkaline reaction, more complicated patterns were observed (Fig. 
4). These revealed the appearance, increasing with decreasing pH, of a 
second component of a heterogeneous nature and considerable turbidity. 


0.07 
0.06 + re) 


0.05 + 


0.04 + 


0.03 + 


APPARENT TURBIDITY 


0.02 + 
— 


0.01 + 


6.0 70 8.0 9.0 
pH 
Fic. 3. Final values of the uncorrected turbidity in polymerized actin as a func- 
tion of the pH at three levels of protein concentration (0.94, 1.90, and 5.6; mg. of 
protein per ml.). 


These patterns were not obtained invariably. Not infrequently, only a 
very rapid spreading of the main boundary was obtained at acid reaction, 
indicating the presence of various heavier aggregates not distributed around 
a more frequent mean. It has not yet been recognized which kinetic 
factors favor the one form of aggregation over the other. 

Ultracentrifugal Anomalies—¥-Actin represents a highly complex prob- 
lem for molecular-kinetic analysis, and no complete study has been made. 
The main features emerge from Fig. 5, in which the sedimentation constant 
is represented as a function of the protein concentration and of the rotor 
speed. 

The concentration dependency of the sedimentation constant is pro- 
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4 


31.440 RPM. 


Fic. 4. Ultracentrifugal sedimentation pattern of F-actin at different pH values 


; (indicated at the right-hand side of each horizontal row of diagrams). All runs were 
made at 31,440 r.p.m.; the sedimentation times in minutes are indicated above each 


diagram. 
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nounced and would probably show a sharper rise at still lower concentra- 
tions. ‘The sedimentation constant increases strongly at higher rotor speed, 
This is the opposite of what would be the result of hydrodynamical orienta- 
tion of the particles perpendicular to their direction of sedimentation. 
Presumably, the effect is related to the gel structure of the solution. The 
peculiar shape of the boundary may be due to the same circumstance (ef, 
Butler and James (1)). 


SQUARE POWER OF ANGULAR VELOCITY, w* 
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CONCENTRATIONS PERCENT 
ric. 5. Sedimentation constants of F-actin (all measured at 25.0° + 0.6°) as a 
function of protein concentration and of rotor speed. The constants were calculated 
from measurements of the displacement of the maximal ordinate. The concen- 
tration dependence was measured at 29,500 r.p.m. 


General Appearance of F-Actin Systems number of properties like 
viscosity and flow birefringence have not yet been studied quantitatively 
with pure fibrous actin. It can be stated that, in general, these properties 
exhibit the same pattern as has been described for impure preparations but 
to an exalted extent. Thus, intense birefringence, interference colors, thix- 
otropy, and solution elasticity are observed in dilute systems under 
moderate deformation, and systems containing 0.5 to 1 per cent protein 
form solid gels. Gels rich in protein (about 10 per cent) are obtained by 
ultracentrifugal concentration. They require strong agitation to be redis- 
persed; ‘without continuous agitation, dissolution in 0.1 Mm KCI requires 
several months. 


W. F. H. M. MOMMAERTS 465 


A system composed of such long filamentous particles offers many points 
of study which have not yet been touched in this investigation. It may 
be mentioned that the birefringence observable in flowing solutions fre- 
quently shows a marked periodic banding (first noted by Varga (17)), 
analogous to the periodic birefringence in flowing systems of the cadmium 
salt of glycerophosphoric acid (van Iterson (16)). Superficially similar 
banding has been observed during ultracentrifugal sedimentation (faintly 
visible in Fig. 4, first diagram of the second row). It is not known whether 
this is of a similar nature to the van Iterson phenomenon. 


DISCUSSION 


The various physical changes occurring during the G-F transformation 
of actin can be interpreted by considering this transition as a polymeriza- 
tion process. 

In what manner an unspecific agent such as neutral salt can elicit this 
striking phenomenon is revealed in particular by the light scattering meas- 
urements (see Mommaerts and Khairallah (11) for a first outline of this 
theory). It has been shown in Paper I (10) that actin molecules in solu- 
tion repel each other owing to their electrostatic charges, and it was found 
that a distance of shortest approach of about 250 A limits the molecular 
movements. ‘This value is of a statistical nature, some repulsion being 
operative at larger distances and increasing strongly at the indicated value. 
These forces are eliminated by the addition of salt and hence collisions, 
leading to intermolecular reactions, now become possible. 

At lower pH, an additional mechanism comes into play. Upon acidifica- 
tion, the pattern of negative and positive charges on the molecule permits 
the formation of di-, tri-, or other oligomers and eventually leads, upon 
approach of the isoionic point, to random precipitation. Such aggrega- 
tion phenomena are likewise promoted by salt, e.g. in the case of insulin 
and insulin methyl] ester (Mommaerts and Neurath (12)). 

The fact that, after the addition of salt, the turbidity increases first 
slowly and then rapidly (Fig. 2) indicates that there is a preferential forma- 
tion of large polymers rather than an initial dimerization of all molecules 
prior to further aggregation (cf. Oster (13)). This apparent acceleration 
is soon overtaken by the decrease of the reaction rate due to exhaustion of 
the monomer, and also by the developing scattering dissymmetry which 
causes the apparent turbidity to be depressed. The details of the poly- 
merization kinetics have not been worked out. In the given examples (Fig. 
2), the instantaneous rise in turbidity is considerably more than would be 
anticipated from the elimination of the charge effect. It is probable that 
at neutral and acid reaction a rapid formation of dimers or other oligomers 
takes place, many of which take part as such in the polymerization process. 
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At alkaline reaction, the magnitude of the initial rise in turbidity is in 
line with the expectations. 

According to the view given above, the effect of salt is of an unspecific 
nature, merely serving to suppress the negative molecular charge. In 
accordance, it has been found that the effectiveness of the added salt is 
largely determined by the properties of the cation, the activity decreasing 
in the series Li, Na, K, Rb (Mommaerts and Khairallah (11)). Mg and 
Ca salts are still more effective, and may greatly accelerate the polymeriza- 
tion induced by KCl. No support was found, however, for the claim of 
Straub and Feuer (15) that Ca is a necessary cofactor. In the purification 
procedure, in which the protein is exposed to large volumes of adenosine 
polyphosphates, most of the bivalent cations should be removed. Accord- 
ingly, only a small inhibition, possibly due to the elimination of remaining 
traces of Ca or Mg, was found after addition of ethylenediamine tetra- 
acetate. 

In the light of these results and considerations, the polymerization pro- 
cess may be looked upon as follows: At sufficiently high pH, molecular 
collisions lead to strictly longitudinal combinations of actin monomers by 
bipolarly arranged affinities. The lengths of the resulting particles are 
variable for kinetic reasons, but no other cause for heterogeneity seems 
present, and hence the resulting protein is monomodally polydisperse. 

At more acid reactions, however, the specific polymerization process must 
compete with random aggregation. In this case, the linear polymers and 
the irregular (still anisometric) aggregates appear side by side, and the 
protein is bimodally polydisperse. In other cases, no separate heavy aggre- 
gate appears. There, irregular sideways aggregation may be combined 
with polymerization to a variable extent in individual particles. 


SUMMARY 


Data have been presented which suggest that salts elicit the poly- 
merization of actin by suppressing the electrostatic intermolecular repul- 
sions. The resulting collisions lead to purely linear association at alkaline 
reaction. At neutral or acid reaction, lateral association occurs as well. 
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THE MOLECULAR TRANSFORMATIONS OF ACTIN 
Ill. THE PARTICIPATION OF NUCLEOTIDES* 


By W. F. H. M. MOMMAERTSf 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, April 10, 1952) 


In Papers I and II, a description was given of globular and fibrous actin 
and of the polymerization process which converts the former into the 
latter. 

It was established by Straub and Feuer (14), Laki, Bowen, and Clark 
(4), and Mommaerts (7) that a nucleotide which was considered identical 
with ATP! plays a réle in the reaction between actin molecules. In the 
present investigation, the reaction between actin and ATP has been studied 
in detail. 


EX PERIMENTAL 
Methods 


Pure globular and fibrous actins were prepared as described previously, 
and the same analytical procedures were employed (10, 11). Chromato- 
graphic identification of adenosine polyphosphates was performed accord- 
ing to Cohn and Carter (2). Phosphate determinations were done by the 
method of Berenblum and Chain (1). Occasionally, the Fiske and Subba- 
row method was used, although for most phases of this work its sensitivity 
was too low. 


Results 


Balance Experiment—A solution of actin which contained mainly ATP 
(with some admixture of lower adenosine phosphates) liberated inorganic 
phosphate at the expense of the hydrolyzable phosphate during polymeriza- 
tion. When the F-actin was collected by ultracentrifugation, it carried 
a fraction of the nucleotide with it, which, from its composition, was ADP. 
These results suggested that, incident to the polymerization of actin, ATP 


* This investigation was supported by a research grant, No. H229, from the Na- 
tional Heart Institute of the National Institutes of Health, United States Public 
Health Service. 

t This work was performed during the tenure of an Established Investigatorship 
of the American Heart Association. 

' The following contractions are used in this paper: ATP, adenosinetriphosphate; 
ADP, adenosinediphosphate; AMP, adenylie acid. 
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gives rise to ADP and inorganic phosphate, and that of the reaction prod- 
ucts the ADP remains bound to the F-actin, whereas the phosphate is 
largely free (Table I). These and other aspects of the reaction will now 
be considered seriatim. 

Binding of Nucleotide by F-Actin—The amount of nucleotide bound by 
F-actin was determined by collecting the polymerized protein by ultra- 
centrifugation, redissolving the pellet in water, and analyzing this solution 
for protein by the Kjeldahl method and for nucleotide by spectropho- 
tometry. Since a certain amount of solvent was enclosed in the pellet, 
and a large excess of nucleotide was present in the solvent, a correction for 
the enclosed nucleotide was applied which was derived from the amount of 
solvent enclosed (weight of tube with pellet minus weight of dry tube 


TABLE I 
Moles of Adenine Nucleotide and Labile Phosphate per Ml. of Solution 
Phosphate 
Nucleotide 
Labile Inorganic 


10-8 , 37 | 
1 


10-5 | 


1. Original solution (KCI added) 20. 3 | 


2 xX 

2. After polymerization 19.9 xX 

Ultracentrifugal separation of poly- 

merized actin | | 

3. Supernatant solution 17.8 KX 10% 30.5 10% 2.6 X 10° 

4. Actin, calculated as if redis- 2.47 X 10% 2.38 K 0.40 10° 
solved to original volume | | 

Sum of (3) and (4) (= 2) | 20.3 | 32.9 | 3.0 X 


Ratio of adenine nucleotide to labile phosphate in original solution 1.85, in actin 
0.96. 


minus weight of protein) and the nucleotide content of the latter. In the 
usual type of experiment, this correction amounted to 10 to 20 per cent. 

Such experiments were performed at various pH values, and some results 
are given in Fig. 1. Two different types of curves referring to two types 
of polymerization were obtained. In all cases, the amount of nucleotide 
bound was constant at alkaline reaction, and, on the average, amounted 
to 1 mole of nucleotide per 57,000 gm. of protein. In those instances (see 
Paper IT (11)) in which at neutral and acid reaction a second component 
appeared due to random aggregation, the amount of nucleotide bound 
became less (Fig. 1, squares). It remained constant when this second type 
of aggregate did not occur (Fig. 1, circles). 

The amount of bound nucleotide was not increased by adding a larger 
excess of ATP, within the limits of the accuracy of the method (the correc- 
tion becomes much larger). Markedly lower levels of ATP were not inves- 
tigated since the protein would become inactivated. 


| 
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Identification of Bound Nucleotide—To this end, the nucleotide associated 
_ with F-actin was subjected to chromatographic analysis. 
collected by ultracentrifugation, redissolved in 0.02 m KCl, and precipi- 
tated with perchloric acid. After filtration, neutralization of the acid with 


The protein was 
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a 
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Fic. 1. Binding of nucleotide (ADP) by fibrous actin formed at different pH 
values. See the text for explanation of symbols. 
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Fic. 2. Chromatographie analysis of the nucleotide associated with about 450 
mg. of F-actin after ultracentrifugal separation. 
lem. in diameter. 
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KOH, and removal of the potassium perchlorate, the nucleotides were 
absorbed on a Dowex 1 column in the chloride cycle at pH 8.0. Fig. 2 
illustrates a chromatogram obtained in this manner. The bulk of the 
nucleotide appeared as ADP, whereas the small amount of other compo- 
nents can largely be ascribed to the supernatant solution enclosed in the 
pellet. It is realized that chromatographic separation constitutes no 
certain means of identification. In this case, however, in which ATP is 
the only substrate added, the experiment shows that the reaction product 
is ADP, as is also suggested by its composition (Table I). 

Removal of ADP from F-Actin—F-Actin was sedimented by ultracentri- 
fugation, and was redissolved at pH 8 in 0.1 m KCl by strong agitation 
in a test-tube homogenizer. One part of the solution was kept as a con- 
trol; the remainder was dialyzed against a large volume of 0.1 mM KCI. 
Nucleotide analyses by spectrophotometry gave the following results: 
original solution, 2.7 X 10~-§ mole of ADP per ml.; after 12 days dialysis, 
1:2 X 10-* mole of ADP per m1.; after 20 days dialysis, 0.5 & 10°-° mole of 
ADP per ml. During this period of prolonged dialysis, the protein had 
not undergone any depolymerization, as was demonstrated by ultracen- 
trifugal sedimentation of the F-actin and testing the supernatant solution 
for protein. Since the actin solution initially contained no ADP in excess 
of that stoichiometrically bound, it follows that the bound ADP can be 
removed without causing depolymerization. 

Phosphate Liberation—In order to investigate the course of the liberation 
of phosphate during the polymerization process, KC] was added to a 
G-actin solution to a final concentration of 0.1 M, and 3 ml. aliquots of the 
reaction mixture were pipetted into 3 ml. of 2 N perchloric acid at different 
intervals. After filtration, 4 ml. of each filtrate were used for the phos- 
phate determination. Various amounts of phosphate occur in actin prepa- 
rations, owing to slow hydrolysis of the nucleotides during dialysis and on 
keeping the solutions. These blank values frequently surpass the total 
amount of phosphate formed. 

Some experiments are illustrated by Fig. 3 which gives the course of the 
phosphate liberation. It has not yet been feasible to compare this in detail 
with the course of the polymerization process as measured turbidimetri- 
cally. On the one hand, the mean molecular weight increases more rapidly 
than is suggested by the apparent turbidity, since a strong scattering 
dissymmetry develops; on the other hand, the kinetics of the polymeriza- 
tion have not yet been sufficiently studied to permit an estimate of the 
number of intermolecular bonds formed at a certain average degree of 
polymerization. On the whole, however, polymerization and phosphate 
liberation are found to proceed as a comparable rate. 

The connection between the two processes is further illustrated by the 
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action of the inhibitors, urea, p-chloromercuric benzoate, and iodide, ex- 
amples of which are included in Fig. 4. At concentrations at which these 
agents inhibit the polymerization process completely (20 per cent urea, 
0.5m KI; 2 * 10-4 for the mercurial in this particular experiment), no 


5.0 


MICROGRAMS P PER ML. 


e) | 2 3 4 5 6 7 8 
TIME IN MINUTES 
Fig. 3. Inorganic phosphate formed during the polymerization of actin (7.5 mg. 
per ml.) at two pH values. 
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Fic. 4. Inhibition of the phosphate liberation by urea (A), p-chloromercuri- 
benzoate (QO), and KI (points omitted in the figure). Actin concentration 4.6 mg. 
per ml. 
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phosphate is liberated. At lower concentrations of the mercurial both the 
polymerization and the liberation of phosphate are reduced. 

Stoichiometry of Phosphate Liberation—laike the binding of ADP, the 
phosphate liberation has been studied quantitatively at various pH values, 
Since the phosphate is not bound by the protein (Table I), no ultracentri- 
fugal separation is feasible. The amount of phosphate found is merely 
related to the total protein, which polymerizes completely. Examples of 
such measurements are provided by Fig. 3, according to which an end- 
value of 4.15 7 of liberated phosphorus was reached in the polymerization 
of 7.5 mg. of actin, independent of the pH. Hence, 1 mole of phosphate 
is set free in the polymerization of 56,000 gm. of actin. 


DISCUSSION 


The relationship between ATP and actin polymerization was recognized 
by Straub and Feuer (14) and by Laki, Bowen, and Clark (4)? and has 
been confirmed by the present author (7) during the isolation of pure actin. 
The present investigation supplies information concerning the réle of nu- 
cleotides in the polymerization of actin, studied quantitatively in pure 
preparations. During the purification, ATP was added in excess; there- 
fore no substances have to be considered other than this nucleotide and 
its breakdown products. 

On the basis of the results described, it is possible to relate the observed 
chemical changes in a quantitative manner to the molecular transforma- 
tions of the protein. It was thus found that in the polymerization of | 
mole of actin 1 mole of ATP is broken down to ADP and inorganic phos- 
phate, and thus a stoichiometric equation can be proposed (see the accom- 
panying scheme). Qualitatively, the formation of ADP was demonstrated 


Reaction Equation 
Actin + ATP — (actin) poiym. + ADP + phosphate (1) 


Stoichiometric Data 


1 mole ADP bound by 57,000 gm. F-actin 
1 mole phosphate liberated by 56,000 gm. actin 
Mol. wt. (light seattering) 57,000 


Presumable Mechanism 
Actin + ATP s actin ~ ph + ADP (1, a) 
Actin ~ ph — (actin) poiym. + phosphate (1, b) 
by Laki (3), the utilization of ATP by Straub and Feuer ((14), see also (4)). 


2 In one earlier reference (Mommaerts (9)) this result was erroneously credited to 
Laki and Clark. 
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It might be thought that the incorporated ADP forms a bifunctional 
link between two aggregating actin molecules. This is disproved by the 
demonstration that the ADP can be removed without depolymerizing the 
protein. Concerning the mode of formation of the intermolecular linkages, 
it appears likely that this proceeds in two elementary steps, as proposed in 
Equations 1, a and 1, b. A separation of these two reactions has not been 
achieved, which may indicate that the equilibrium reaction Equation 1, a 
does not proceed to the right unless followed by Equation 1, b. 

The physiological implications of the present results have been stated 
previously (8, 9). It may be repeated that, if all the actin present in 1 
gm. of muscle polymerizes once, about 5 X 1077 mole of ATP is broken 
down. ‘This is identical with the amount of ATP which is thought to be 
dephosphorylated in the contractile phase of a single twitch (Mommaerts 
(5, 6), Mommaerts and Rupp (12)). It has furthermore been recognized 
(9) that the continuous breakdown of labile phosphate in tetanus is a 
summation of single incomplete contractile events, and hence a repeated 
polymerization and depolymerization of actin also accounts for the rate of 
ATP breakdown in continuous activity, circumventing the difficulties raised 
against the myosin-ATPase mechanism (5, 13). 


SUMMARY 


The mechanism of the participation of ATP in the polymerization of 
actin has been investigated. It has been found that in a pure system a 
stoichiometric reaction takes place in which 1 mole of G-actin reacts with 
1 mole of ATP, vielding actin in the polymerized form, ADP, and inorganic 


phosphate. 
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(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of The City of New York, Inc., New York, New York) 


(Received for publication, April 25, 1952) 


The need for a practicable analytical method for thiamine and its phos- 
phorylated derivatives applicable to small volumes of blood is indicated 
by the numerous investigations of the problem. The types of methods 
previously employed for this purpose are critically reviewed elsewhere 
(1,2). The fermentation methods (3-7) lack specificity, since, in addition 
to thiamine, thiamine phosphates, and the pyrimidine half of the thiamine 
molecule, nicotinic acid, pantothenic acid, 8-alanine, and ethanolamine 
also show stimulation of yeast growth. Similar difficulty is encountered 
in other methods involving growth of microorganisms (8, 9). The mano- 
metric methods involve technical difficulties, as well as the lack of the sen- 
sitivity necessary for small volumes of blood (10). Thiochrome methods 
have been employed frequently on small volumes of blood; however, the 
amounts of thiamine involved are so near the limit of the sensitivity of 
the procedures used that they have not been reliable. De Jong (11) has 
attempted to overcome this difficulty by using 25 ml. specimens of blood. 
Others (12-14) using 5 ml. specimens of blood have obtained a reproduci- 
bility of 15 to 18 per cent on duplicates. Fundamentally, the limiting 
factors have been the small amount of thiamine present in blood and the 
lack of instruments sufficiently sensitive to measure it. 

Development of a sensitive micro photofluorometer (15) has now made 
it possible to determine the thiamine in the small volumes of blood ob- 
tainable from the tip of the finger, or from the tails of experimental ani- 
mals. By using a new, relatively simple, rapid method (reproducibility 
7 to 10 per cent), it is now possible to study the course of thiamine changes 
in blood and blood cells at frequent intervals and to accomplish large 
numbers of determinations such as are necessary for nutritional surveys. 


* Aided by a grant from the Nutrition Foundation, Inc. 

t Present address, Department of Chemistry, Columbia University, New York, 
New York. 

{ Present address, Department of Biochemistry and Nutrition, University of 
Texas School of Medicine, Galveston, Texas. 

§ Present address, Department of Pharmacology, Washington University School 
of Medicine, St. Louis, Missouri. 
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Methods are described for determining the total thiamine (1) in whole 
blood, (2) in red blood cells, (3) in white blood cells, and (4) the total 
thiamine, free thiamine, and thiamine phosphates in serum. Data are 
presented to illustrate the specificity and reproducibility of the methods, 
the values to be expected in human subjects, and the changes obtained in 
rats during depletion and maintenance on various intakes of thiamine. 


EXPERIMENTAL 


Principles of Methods—The methods depend upon extraction of the 
specimen with trichloroacetic acid, enzymatic hydrolysis of the thiamine 
phosphates to thiamine (to obtain total thiamine), conversion of thiamine 
to thiochrome by oxidation with K;Fe(CN). in alkaline solution (16), 
extraction of the thiochrome into isoamy] alcohol, measurement of total 
fluorescence with a very sensitive fluorometer, destruction of the thio- 
chrome with ultraviolet light, and a remeasurement of the fluorescence to 
correct for non-thiochrome fluorescing substances which are unavoidably 
present. Thiamine phosphates are also converted into thiochrome phos- 
phates by this oxidation. These can be distinguished by their relative 
insolubility in isoamy] alcohol, in which thiochrome is very soluble. Since 
thiamine occurs in human blood chiefly as the phosphates, it is possible 
to determine total thiamine on samples after hydrolysis by acid phos- 
phatases. (Acid hydrolysis fails to convert thiamine monophosphate to 
free thiamine.) Free thiamine may be determined in rat blood or serum 
by omission of the enzyme hydrolysis. However, in human blood or 
serum the free thiamine level is so low that it is not determinable with use- 
ful precision by this method. 

Reagents—Because the limits of the sensitivity and reproducibility of 
the methods are governed by the fluorescence contributed by the reagents 
and equipment (blanks), it is necessary to prepare and protect these with 
far greater care than usual. All reagents must be of the highest quality, 
with low fluorescence. All water used must be redistilled from glass. 
All glassware must be cleaned by boiling in haif concentrated nitric acid, 
rinsing with redistilled water, boiling in redistilled water, and finally rins- 
ing. Glassware must be stored in closed containers and every precaution 
made to keep dust from it and the reagents. 

1. Trichloroacetic acid, 5 and 10 per cent, prepared from glass-redis- 
tilled acid. 

. Potassium acetate, 4 M. 

. NaOH, 7.5 m (30 per cent), prepared from a saturated solution. 
. K3Fe(CN)¢, 0.059 m (2 per cent). 

NaHePO,, 5.5 

. Superoxol, reagent, Merck. 


or W bo 


t 

» 


BURCH, BESSEY, LOVE, AND LOWRY 479 


7. Oxidation reagent, 10 ml. of 7.5 mM NaOH plus 0.65 ml. of 0.059 m 
K;Fe(CN)., prepared within 1 hour of use. | 

8. Reducing agent, 10 ml. of 5.5 M NaH2PO, plus 10 c.mm. of Superoxol. 

9. Isoamyl alcohol, redistilled. Use the fraction having the lowest fluo- 
rescence, usually the middle one-third fraction, and saturate with glass- 
redistilled water. 

10. Thiamine, stock standard. Prepare with thiamine hydrochloride, 50 
y per ml. in 0.1 N HCl. A convenient working standard, 1 y per ml., is pre- 
pared with 0.1 N HCl when needed. (The concentration of standards and 
results of analysis are expressed in this paper as thiamine, Cy2H,,ON,SCl, 
mol. wt. 300.7.) 

11. Quinine sulfate, secondary standards. (a) Stock solution: 100 mg. 
of quinine sulfate per 1000 ml. of 0.1 N H»SO,. (6) Working standards: 
1.33 and 0.7 mugm. per ml. of quinine sulfate in 0.1 N HSO,4 These 
are approximately equivalent in fluorescence to 5 and 2.5 mygm. of thia- 
mine hydrochloride, respectively. Standards of other concentrations may 
be needed, depending upon the sensitivity of the particular instrument. 

12. Acid phosphatase. 10 ml. of fresh human seminal fluid plasma are 
diluted to 50 ml. with a 0.1 M potassium acetate buffer, pH 5, and 16 gm. 
of (NH4)SO, are added with stirring. After 10 minutes the mixture is 
centrifuged, the supernatant removed, and the precipitate discarded. 10 
gm. more of (NH,)2SO, are added to the supernatant, and the precipitate 
centrifuged free of the supernatant, which is discarded. The precipitate 
is made up to a volume of 5 ml. with a 0.1 Mm potassium acetate buffer, 
pH 5.0, tested for phosphatase activity as described below, and then 
diluted with HO to a volume so that 10 c.mm. contain approximately 600 
units of activity. The preparation keeps well for several months stored 
at 4°. 

The phosphatase activity is determined as previously described (17, 18), 
except for the appropriate change to pH 5. In the present case, however, 
a unit is arbitrarily defined as the amount of enzyme which will liberate 
3 y of p-nitrophenol in 5 minutes at 25° when added to 0.2 ml. of nitro- 
phenyl phosphate reagent (0.4 per cent p-nitrophenyl phosphate (17) 
(Sigma Chemical Company, St. Louis) plus an equal volume of 0.1 
potassium acetate buffer, pH 5.0). The reading is made after adding 2 
ml. of 0.02 n NaOH. 

Seminal fluid has been found to contain from 40,000 to 120,000 of the 
above units per ml. Seminal fluid plasma keeps well when frozen and 
may be used for the above preparation. In the beginning of this work a 
phosphatase concentrate prepared from clarase was used. This was aban- 
doned owing to the inconvenience of the preparation. 
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A pparatus— 

1. Micro photofluorometer (15) (Farrand Optical Company, Inc., Bronx 
Boulevard and East 238th Street, New York). The commercial instru- 
ment requires slightly larger volumes than those used in the present work. 
It can be adapted by inserting small brass collars which will hold tubes, 
9 mm. in outside diameter, snugly in the cuvette receptacle. 

2. Matched fluorometer tubes. These are made from Pyrex tubing, 
85 mm. X 8.9 to 9.0 mm. in outside diameter, and are calibrated with 
quinine sulfate as follows: With the instrument set at a sensitivity twice 
that at which it is expected to be used (7.e., 90 divisions for the 0.7 myugm. 
per ml. of secondary standard), all tubes showing less than 1 per cent de- 
viation are selected. From these, sets of tubes are selected which read 
within 1 division when acid-clean and filled with distilled H,O. The tops 
of the tubes are marked so that they may be inserted in the instrument 
in the same position each time. 

3. Syringe pipette holders, three for 1 ml. and 2 ml., and one for 5 ml. 
syringes. (Available from Mr. Herman Ruf, 5023 192nd Street, Flushing, 
New York.) 

4. Constriction pipettes, 5, 10, 20, 25, 50, 110, 200, 230, 550, and 750 
¢.mm. (18-20). 

5. Test-tubes, 10 X 75mm. (3 ml. capacity), 12 & 75 mm., and 13 X 100 
mm., Kimble resistant glass. 

6. Fermentation tubes, 6 XK 50 mm. or 7 X 75 mm. 

7. Vibrator for mixing contents of small tubes, as previously described 
(20, 21). 

8. Semicircular test-tube racks for irradiation (20, 21). 

9. General Electric mercury lamp, model A-H5, and transformer, mounted 
as previously described (20, 21). 


Procedure 


Determination of Total Thiamine in Whole Blood—50 ¢.mm. of blood 
collected directly from the finger tip into a constriction pipette are delivered 
into a fermentation tube containing 0.23 ml. of 5 per cent trichloroacetic 
acid. (Oxalated or heparinized blood is also satisfactory (20).) Mixing 
is accomplished by tapping the tube vigorously at once and then by vi- 
brating (20, 21). After 30 to 60 minutes at room temperature (not longer) 
the specimen is centrifuged and 0.2 ml. of the clear supernatant is trans- 
ferred to a 3 ml. tube, brought to pH 4.5 to 4.8 by the addition of 25 c.mm. 
of 4 Mm potassium acetate, and hydrolyzed with 10 ¢.mm. of the acid phos- 
phatase preparation at 25° for 4 hours or, preferably, overnight. (Hach 
enzyme preparation should be tested before use at intervals of 3 hours, 4 
hours, and overnight on a blood filtrate to be certain that hydrolysis is 
complete.) Clean rubber vial caps are used to cover the tubes. During 
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the entire procedure the tubes must be covered to protect them from dust, 
which is the most common source of error. It is convenient during manip- 
ulation to keep the racks holding the tubes beneath a piece of waxed paper 
supported by tall beakers. 

Oxidation of the thiamine to thiochrome is accomplished by the rapid 
addition of 0.1 ml. of the alkaline K;Fe(CN). oxidizing reagent, followed, 
after 15 seconds of immediate and vigorous mixing, by the addition of 0.1 
ml. of the peroxide reducing agent. These additions are best made by 
the use of syringe pipettes. The thiochrome is extracted into 0.9 ml. of 
isoamy! alcohol by vigorous mixing with the vibrator. After centrifuging 
(covered with Parafilm) the layer of alcohol is transferred with a con- 
striction pipette to a fluorometer tube. The extraction of thiochrome 
and the transfer of the alcohol layer should be made promptly after the 
thiochrome formation. At least 0.75 ml. of the isoamyl alcohol layer is 
needed for most tubes and instruments. This point should be checked by 
each operator for the particular conditions. Care should be exerted not 
to draw any of the aqueous layer off with the alcohol, since this would 
result in troublesome turbidity and error. The fluorescence is measured 
(R,) in a micro photofluorometer after carefully setting and rechecking the 
setting of the instrument with one of the quinine secondary standards. 
The rubber-stoppered tubes are then irradiated in the semicircular racks, 
3 inches from the A-H5 mercury lamp for 30 minutes, to destroy the thio- 
chrome. This time should be checked periodically to be certain that it is 
adequate. A fan should keep the tubes cool during this process. How- 
ever, changes of more than a few degrees should be avoided during the 
extraction and irradiation process, or turbidity will result. The fluores- 
cence is again measured (/,). Blanks and appropriate thiamine hydro- 
chloride standards (usually 5 c.mm. = 5 mygm.) treated by the same 
reagents are run with each series of specimens. 


Calculations 
R, — R. = A = change in fluorescence of sample on irradiation 
Si-S:=B= ** standard on irradiation 
Bl, — Bl, = C = change in fluorescence of blank on irradiation 


myugm. thiamine in standard A-C 


c.mm. blood in sample % thiamine in blood 


Since the thiamine content of whole blood depends primarily on that 
in the red cells, such analysis should be accompanied by a hematocrit in 
order to avoid confusion of change in cell volume with change in thiamine 
content. Because of the above fact, red cells are preferable to whole blood 
for analysis when conditions and facilities permit. 

Determination of Total Thiamine in Red Blood Cells—Specimens of red 
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blood cells are conveniently collected in small capillary tubes containing 
heparin, as previously described (20). After the tubes are centrifuged 
and opened, aliquots of the cells are delivered and rinsed from a constric- 
tion pipette, calibrated to contain 20 ¢.mm., into a fermentation tube con- 
taining 0.11 ml. of 0.85 per cent of sodium chloride solution. After mixing 
by tapping, 0.11 ml. of 10 per cent trichloroacetic acid is added, and the 
contents of the tubes are mixed vigorously by use of the vibrator. The 
procedure from this point is as described for whole blood. 

Determination of Total Thiamine in White Blood Cells—White blood cells 
are obtained from 1 ml. of blood in the manner previously described for 
ascorbic acid (20, 22). 0.11 ml. of 0.85 per cent saline is added to the 
cells in 12 XK 75 mm. test-tubes, tapped, and vibrated to mix, and 0.11 
ml. of 10 per cent trichloroacetic acid is added and vibrated again. After 
centrifuging and removal of the supernatant for analysis as described for 
whole blood, acid-insoluble phosphate is determined on the white cell 
precipitate and the remaining supernatant, as previously described for 
ascorbic acid and riboflavin (20, 22, 23), and serves as the basis for ex- 
pressing the results of the analysis. 

Determination of Free Thiamine and Thiamine Phosphates in Serum— 
To 0.1 ml. of serum in a 3 ml. test-tube, 0.55 ml. of 5 per cent trichloro- 
acetic acid is added, mixed, let stand, and centrifuged as stated above. 
0.2 ml. of the supernatant is treated exactly as described for whole blood. 
The total thiamine, both free and phosphorylated, is obtained in this 
way. The free thiamine may be measured on a second 0.2 ml. of the 
filtrate by omitting the enzyme hydrolysis, 7.e. neutralizing the filtrate 
and oxidizing the specimen directly. The thiochrome mono- and pyro- 
phosphates resulting from the oxidation are not appreciably extracted into 
isoamyl alcohol. Calculations are made for each aliquot as described for 
whole blood. The difference between the two represents the phosphory- 
lated thiamine. 

Specificity of Methods—The evidence that the methods are specific for 
thiamine is of two types, physicochemical and biological. 

The physicochemical evidence for the specificity of the methods is based 
on the validity of the assumption that the fluorescent material destroyed 
by irradiation with ultraviolet light is thiochrome. Fig. 1 presents data 
to support this point. It will be noted that the rate of destruction of the 
fluorescence in a blood filtrate follows closely the rate of destruction of 
thiochrome prepared from pure thiamine when irradiated under the same 
conditions. Points for a theoretical curve for a first order reaction with 
a half life of 16.3 minutes (that found experimentally for the blood filtrate 
in this case) are included to show how predictable this rate can be when 
based on the half life measurement. 
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The biological evidence for the specificity of the methods rests upon the 
fact that rats on various levels of thiamine intake show corresponding 
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Fig. 1. Curves showing rate of destruction by ultraviolet light of fluorescence in 
isoamy] alcohol extracts, prepared by the analytical method described, from pure 
thiamine, O, and blood filtrates, @. A theoretical curve, A, for a first order reac- 
tion with a half life of 16.3 minutes (that found experimentally for the blood filtrate 
in this case) is included for comparison. Tubes were placed 12 inches from the 
A-H5 lamp for this irradiation. 
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Fic. 2. Thiamine content of whole blood of rats on thiamine-free diet at various 
time intervals after receiving a saturation dose of thiamine. 
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changes in the blood analysis. Fig. 2 summarizes whole blood analysis 
carried out at various intervals of from 1 to 35 days on a group of six young 
adult rats, weighing 200 to 300 gm. each, while they were on a thiamine-free 
diet and after they had received a large dose of thiamine. It will be noted 
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that the blood thiamine decreased from an initial average level of 20.5 
y per 100 ml., 1 day after the dose of thiamine was given, to a level of 3.2 
y per 100 ml. after 25 days, and then dropped in the next 10 days to an 
average of 1.3 y per 100 ml. Some weight loss occurred during the first 
25 days (average 45 gm.); however, during the last 10 days an additional 
72 gm. of weight were lost. ‘The typical muscular and neurological symp- 
toms of thiamine deficiency appeared during the last few days of the ex- 
periment. Fig. 3 summarizes whole blood analysis, at intervals, of four 
groups of rats weighing 170 to 250 gm., each of which was placed on a 
thiamine-free diet for a week, followed by various supplements. It will 
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Fic. 3. Thiamine levels of whole blood of four groups of rats receiving the indi- 
cated amounts of thiamine after an initial period of 1 week on a thiamine-free diet. 


be noted that in general the blood thiamine levels parallel the intakes. 
Table I presents the analysis of whole blood, red blood cells, and white 
blood cells on specimens taken on the last days of the experiment described 
in Fig. 3. It will be noted that the analysis of both red blood cells and 
white blood cells parallels that for whole blood. 

Accuracy and Reproducibility of Methods—Since an independent method 
is not available for comparison, the evidence for the accuracy of the pres- 
ent methods depends upon recovery data. The results of experiments of 
this type are summarized in Table II. Additions of several times the 
original concentrations of thiamine were used for the purpose of assuring a 
high precision for the particular test. Experience with this type of ma- 
terial has shown that, if adsorption is a factor affecting accuracy, it is still 
clearly exhibited at these concentrations. The data indicate that neither 
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thiamine nor thiamine pyrophosphate is appreciably adsorbed during the 
preparation of the extracts. Other experiments have shown that no ad- 


TABLeE 


Thiamine in Whole Blood, Red Blood Cells, White Blood Cells, and Platelets of Rats 
Fed Varying Levels of Thiamine 


_ Whole blood Red blood cells White blood cells and platelets 

Averaget Range S.e. Averaget Range S.e.  Average§ Range S.e. 
y per cent y per cent y percent vy percent — y per cent Y per cent 

O 2.4 1.93.3 0.14 3.6 | 2.7-4.5| 0.21! 24.0 | 18-33! 4.0 

X | 4.2 | 3.55.1) 0.24) 4.8 | 4.26.0) 0.21; 38.3 | 30-58| 5.1 

6.0 5.7-6.6 0.14 6.4 5.67.8 | 0.28 | 46.6 38-61 4.1 

| 8.1 6.0-9.2 0.51 8.1 6.1-9.6 0.48 | 59.6 45-97 | 7.9 


* For thiamine intake see Fig. 3. 

t Average of five to nine determinations. 

t Average of duplicates from five rats in Groups |, 2, and 3, and six rats in Group 4. 

§ Single specimens from four rats in Group |, five in Groups 2 and 3, and six in 
Group 4. 


TABLE II 
Recovery of Thiamine and Thiamine Pyrophosphate 
Thiamine hydrochloride or thiamine pyrophosphate in aqueous solution was 
added to the specimen (human) prior to trichloroacetic acid extraction. Filtrates 
were prepared, hydrolyzed, and analyzed in, at least, triplicate by the described 


Sample thiamine | Substance added | Recovery 
(initial) | found 

y per cent > percent + per cent per cent 

Whole blood 5.5 Thiamine hydrochloride 30.9 35.6 97.5 
5.5 30.9 37.3 103 
5.5 30.9 39.0 108 
5.5 pyrophosphate 21.4 26.3 
§.5 | 21.4 2.2 | 97 
5.5 21.4 28.6 103 
Red blood cells 9.3 “s hydrochloride 19.1 | 2.6 101 
10.2 18.4 | 28.6 100 
8.4 32.5 40.2 QS 


* Calculated as thiamine equivalent. 


ditional thiamine is obtained by using larger volumes of trichloroacetic 
acid for the extraction. This supports the belief that extraction is es- 
sentially complete and that the accuracy of the method is satisfactory 
for this type of analysis. 
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In Table III replicate analyses are presented for whole blood, red blood ] 
cells, white blood cells, and platelets obtained from a small group of adult { 
Taste III 
Whole Blood, Red Blood Cell, White Blood Cell, and Platelet Thiamine in Normal ' 
Human Adults 
White blood White blood 
Subject Whole blood| Red blood | | whole blood | Red blood | ang 
per cent y per cent y per cent y per cent y per cent 
A 5.02 9.16 56.3 |D| 4.88 7.25 | 78.4 
5.50 9.43 61.4 5.13 7.41 74.3 ' 
4.99 9.59 58.6 4.88 8.14 79.7 
58 .6 77.0 
Average and 
5.2 9.4 58.8 5.0 7.6 
40.29 | 40.22 | 42.1 +0.15 | +£0.47 | +423 t 
B 4.28 6.01 66.8 1D 4.62 6.88 67.7 t 
4.23 7.04 69.0 4.48 6.99 60.1 
4.32 6.84 64.4 4.55 7.25 58.8 ‘ 
58.8 | 
Average and 
4.3 6.6 64.8 4.6 7.0 64.7 I 
+0.04 +0 .54 +4.4 +0.07 +0.19 +6.3 } 
C 4.90 8.55 67.7 F 4.91 8.07 70.4 
5.31 9.26 66.4 5.03 8.54 66.8 ' 
.42 8.73 73.9 4.91 8.99 70.4 
73.0 69.1 ‘ 
Average and 
5.2 8.8 70.2 5.0 8.5 69.2 
£0.27 | £0.37 | 43.8 | £0.07 | £0.46 | $1.7 
Whole blood | Red blood cells | White blood cells |] 
Pooled s.d. +0.19 +0.44 +4. 


human subjects thought to be well nourished. From these data one can 
see the range of levels to be expected in such subjects, obtain estimates of — 
average levels, and calculate the expected reproducibility of such analyses. — 
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Detailed figures for total thiamine in plasma have not been included, since 
these levels are so low that the precision of the method is unsatisfactory. 
However, values ranging from 0.5 to 1.0, with an average of 0.8 y per cent, 
were obtained on the same group of subjects that was used for the other 
analyses. 

By using the average figures for total thiamine obtained for red blood 
cells, white blood cells, and plasma of these subjects and the average hem- 
atocrit for red blood cells of 42 per cent and for white blood cells of 1 per 
cent, the following will be noted: For each 100 ml. of blood the red blood 
cells contribute 8.0 XK 0.42 = 3.36 y per cent, white blood cells contribute 
68 X 0.01 = 0.68 y per cent, and plasma contributes 0.8 XK 0.57 = 0.46 
y per cent of thiamine for a calculated total of 4.5 y per cent for whole 
blood. The average figure obtained by whole blood analyses was 4.7 + 
per cent. Apparently, red blood cells, white blood cells, and plasma con- 
tribute approximately 75, 15, and 10 per cent, respectively, to the total 
thiamine content of whole blood. These figures will vary, of course, with 
the hematocrit values for the particular blood. 

Stability of Blood Specimens and Extracts—At times it may be neces- 
sary to transport blood specimens from the field to the laboratory, or for 
other reasons it may be inconvenient to proceed with analysis at once. 
It is, therefore, important to know something about the stability of speci- 
mens under feasible conditions for storage. A series of oxalated whole 
blood specimens and specimens of centrifuged red blood cells has been 
analyzed at once and after 48 hours of storage in the ice box at 4°. No 
significant change occurred under these conditions. 

No loss of thiamine by diffusion from red blood cells into the oxalate 
solution used for separating of white blood cells was detectable after 4 
hours. 

The trichloroacetic acid extracts show no loss of thiamine after 1 week 
of storage at 4° or after several months when frozen and stored at —28°. 
However, the trichloroacetic acid supernatant must be separated from the 
protein precipitates within 45 to 75 minutes after addition of the acid to 
avoid disturbingly high blanks. The extracts (7.e., 0.2 ml. specimens) 
are conveniently stored frozen at —20° to —30° in 3 ml. tubes stoppered 
tightly with rubber stoppers. Upon thawing, these are ready for con- 
tinuation of the analysis. The interval between oxidation of the thiamine 
to thiochrome and separation of the isoamyl alcohol extract should be 
kept to a minimum (not more than 60 to 90 minutes) to avoid destruction 
of the thiochrome. 

Variations of Blood Thiamine Due to Factors Other Than Intake—In 
planning to explore the use of methods such as are described above for 
the evaluation of dietary intake of thiamine, it is important to know 
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whether blood thiamine fluctuates from hour to hour and day to day in 
the same subject owing to factors other than intake. Preliminary data 
have been obtained on this point. The values of red blood cells of two 
subjects were observed every 2 hours for 6 hours with the following re- 
sults: Subject A, 6.5, 6.5, 6.2, and 6.0 y per cent; Subject B, 8.9, 8.9, 8.8, 
and 8.7 y per cent of total thiamine. Whole blood analyses on three sub- 
jects, who were maintained during the test on a low thiamine diet, were 
performed each morning for 3 days with the following results: Subject A, 
- 4.6, 5.0, and 4.3 y per cent; Subject B, 4.0, 4.0, and 4.1 y per cent; and 
Subject C, 2.7, 3.2, and 3.4 y per cent. Similar analyses on other subjects 
over a period of several weeks show about the same uniformity. 

Effects of Single Dose of Thiamine on Blood and Urine Levels—If meth- 
ods such as those described above are to be useful in the evaluation of 


TaBLeE IV 


Whole Blood Thiamine and Urinary Excretion of Subjects at Intervals after Receiving 
Thiamine Hydrochloride 


Time after receiving 1 mg. thiamine hydrochloride 


| 
| 


Subject 0 hr. | 1 hr. | 2 hrs. | 3 hrs. | 4 hrs. | Ohr. | thr, | 2 hrs. | 3 hrs. | 4 hes. 
Blood thiamine, y per cent | Urinary thiamine excretion, y per hr. 
A 5.9 | 6.4 | 6.4 | 5.7 | 5.7 | 3.0 | 34.0 10.8 
B | 5.7 | 6.4 5.7 | 5.3 5.2 9.2 | 14.0 11.0 
C | §.1 5.2 5.1 4.4 | 12.1 3.6 


nutritive status, it is important to know what effect a recent meal includ- 
ing thiamine might have on the blood level. Blood and urine specimens 
were obtained from three subjects before and at approximately hourly 
intervals after receiving 1 mg. of thiamine hydrochloride. The analytical 
data are summarized in Table IV. It will be noted that such a dose makes 
little, if any, change in the amount of thiamine in the blood, whereas a 
considerable increase in urinary excretion occurred as expected. A similar 
situation was found with riboflavin (23). Therefore, at least in these two 
cases, there is less likelihood that the use of non-fasting specimens will 
lead to error when blood is employed as compared to methods in which 
urine is used. 


DISCUSSION 
It will be noted from the illustrative data presented that not infrequently 


one or more of the replicate analyses will vary considerably from the aver- 
age. Experience has shown that the most frequent cause of lack of agree- 
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ment of replicate analyses is due to contamination from dust, lint, or 
unclean glassware. Special attention to such details or working in a dust- 
free room strikingly improves the reproducibility of the methods. Be- 
cause of these accidental factors, triplicate determinations, at least, should 
be run on every specimen. It should be emphasized that special efforts 
are necessary to keep out of the reagents fluorescent contaminants which 
would lead to high blanks and thus affect the reproducibility of the meth- 
ods. The distilled water and all other reagent materials should be regu- 
larly tested for fluorescence and carefully guarded against dust, etc. 

It would appear from the measurements reported in this paper that red 
blood cells are the material of choice in efforts to evaluate dietary intake 
of thiamine by chemical methods. Although whole blood specimens are 
more convenient to collect and use, since the concentration of thiamine is 
different for the three phases of the blood (red blood cells, white blood 
cells, and plasma), such analyses will vary, depending upon the hematocrit 
of the particular specimen; 7.e., a change of 10 per cent in the red cell con- 
tent will lead to 0.4 y per cent change in the whole blood value in a nor- 
mally nourished subject. In anemias in which there may be changes of 
30 to 50 per cent, it can be seen that low levels of whole blood thiamine 
might occur in subjects with adequate thiamine intake. Similarly, a 
doubling of the white cell content of the specimen, a not uncommon oc- 
currence, would lead to falsely high values. Whole blood analysis should 
not be used unless accompanied by hematocrits, so that the proper cor- 
rection for cell volume variation can be applied. 

The inconveniences of collection and separation and the | ml. blood 
specimen required are factors unfavorable to the use of white blood cell 
analysis for large scale studies. However, such analyses may be of value 
in certain special circumstances. 

Although with the rat, serum analyses are useful as a measure of recent 
thiamine intake, the level of this vitamin in human serum is too low to be 
measured accurately at present. It is of interest that the rat varies so 
strikingly from man in this respect. This means that experience with this 
species must be interpreted with caution in relation to man in the case of 
thiamine physiology. 

It will be necessary to study the relationship between the thiamine 
contents of the different phases of the blood in humans on various intakes 
of thiamine before the extent to which blood analyses are useful for evalu- 
ating the recent dietary intake of thiamine in man can be fully evaluated 
(24, 25). More study on factors, other than dietary intake, which may 
influence blood levels is also needed. However, it is thought that the 
methods described above provide a satisfactory means to proceed with 


studies. 
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SUMMARY 


Methods are described for the measurement of total thiamine in whol 
blood, red blood cells, white blood cells, and serum. 0.150, 0.060, 36, 
and 0.3 ml. specimens, respectively, are required for triplicate analysig, 
Free thiamine or thiamine phosphates can be determined. The methodg 
are based on extraction with trichloroacetic acid, conversion to thiochrome, > 
and measurement with a sensitive micro photofluorometer. Evidence ig 
presented for the specificity, reproducibility, and accuracy of the methods, 
Data indicating the values to be expected in normal human subjects are 
included. 
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